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PREFACE 


The  AGARD  Structures  and  Materials  Panel  has  had  a long  and  active  interest  in 
researching  subjects  that  are  of  a critical  nature  and  of  common  interest  to  the  NATO 
community.  In  keeping  with  this  tradition,  the  Panel,  in  the  Spring  of  1971  deemed  it  highly 

(LCHTF)  ln'“ate  S°me  SPedr,C  aC‘iVitieS  in  thC  area  °f  ,OW  Cyde  high  tem‘ xrature  ^tigue 

At  the  Fall  1972  S&M  Panel  Meeting,  Mr  Drapier,  who  was  charged  by  AGARD  with 
coordination  of  the  various  activities  on  this  subject,  submitted  a document  entitled  “Ad 
Hoc  Group  on  Low  Cycle  High  Temperature  Fatigue  Status  Report”  (AGARD  R-604) 
»l„ch  ,he  LCHTF  »o,k  being  „m,d  * ,h,  |lbo„Le,  LkZ 

problem  and  belonging  to  the  various  NATO  nations.  In  the  fall  of  1973,  Mr  Drapier 

LowCvH  i,  ,CfM  Panel  'n'deP'h  reP°rt  entitle<1  "Survey  of  Activities  in  the  Field  of 
February  * 974*  Iemperature  f at‘«ue  This  document  was  published  as  AGARD  R-6 1 8 in 

n„hl  l,hr!>U8tl  .t,,e  con,,nuin8  effoHs  of  Mr  Drapier,  supported  by  this  Panel,  AGARD  has 
S t a VO  Ume  conta,n,n*  tfle  P^ers  presented  at  the  Specialists’  Meeting  on  Low  Cycle 
igh  Temperature  Fatigue  (AGARIM’P-I  55)  held  in  Washington  D C.  in  Aprfl  of  1974  A 
this  meeting,  experts  were  invited  to  provide  replies  to  a number  of  questions  raised  by  the 
rganuers,  each  subject  was  introduced  by  a paper,  the  purpose  of  which  was  to  survey  the 
problem  areas  associated  with  that  subject  and  to  orient  and  focus  the  subsequent  discussion. 

One  of  the  conclusions  of  the  above  noted  Specialists  Meeting  was  the  recognition  of  the 
need  lor  more  reliable  life  prediction  methods  that  are  applicable  to  LCHTF  gas  turbine 
components.  It  was  in  the  spring  of  1975  that  Mr  Hirschberg  presented  a pilot  paper 

PaMrimmr  3 LTaT'  teS*mgpro*ram  aimed  a‘  evaluating  the  ability  of  the  Stiamrange 
Partitioning  Method  to  predict  life  in  the  creep-fatigue  range.  Messrs  Hirschberg  and  Drapier 

AfARnTu  coord;na,ors  ,<)r  'his  evaluation  program.  The  laboratories  surveyed  in 
progran,  con,acted  by  ‘he  coordinators  and  invited  to  participate  in  the 

During  the  period  in  which  this  test  program  was  being  conducted,  several  mini-symposia 
were  organized  by  the  coordinators  for  the  participants.  There  were  three  such  meetings  held 

H w^ffelMhT/h  I|Ur°Pean  Par,iClpan,s  and  ,hree  held  in  'he  US  for  their  participants. 

l7v  uues  ons  ,me  gS  7™  ^ ge'"ng  the  pro«ram  organized,  resolving 

many  questions,  exchanging  information,  and  keeping  the  activity  on  schedule. 

PhC  Pan®l  lS  pleased  to  "chnowledge  and  express  its  sincere  appreciation  to  the  many 

NZ  il  l h W!°  TtcbU,ed  50  mUCh  *°  t,,e  succe«  of  "’is  meeting:  to  the  Danish 
National  Delegates  who  hosted  this  Specialists’  Meeting;  to  Messrs  Drapier  and  Hirschberg 

who  planned  the  content  of  this  cooperative  program,  coordinated  the  activity,  and  organized 
the  Specialists  Meeting;  to  Mr  John  M.N. Willis,  the  Executive  of  the  S&M  Panel  to  the  staff 
who  so  ably  provided  support  throughout  the  meeting;  and  especially  to  the  authors  session 
th“meentingC°  ’ 3011  Partidpan,S  whosc  combined  efforts  contributed  to  the  success  of 


George  C.  DEUTSC’H  ' 

Chairman,  Sub-Committee  on  • . 
High  Temperature  Materials  I rt 
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INTRODUCTORY  REMARKS 


by  G.  C.  DEUT5CH  (NASA-USA) 


I am  very  pleased  to  welcome  you  to  this  Specialist  Meeting  on  Characterization 
of  Low-Cycle  H I gh-Tempera ture  Fatigue  by  the  Stralnrange  Partitioning  Method.  This  Is 
a highly  specialized  meeting  involving  both  participants  and  observers  who  are 
carefully  selected  specialists  In  the  field. 

Since  advanced  turbine  engine  materials  for  military  applications  are  being  used 
to  a high  fraction  of  their  ultimate  capabilities,  there  is  thus  a great  need  for  more 
meaningful  high  temperature  mechanical  property  tests  on  these  materials  as  well  as 
for  improved  analytical  techniques  for  the  prediction  of  their  service  life.  One 
particularly  vexing  problem  has  been  the  difficulty  In  describing  and  predicting  the 
behavior  of  materials  at  high  temperatures  and  in  real  environments,  such  as 
creep-fatigue  Interactions  present  in  low-cycle  h Igh-temperature  fatigue  of  engine 
components.  The  panel  has  made  an  attempt  to  address  this  problem  by  supporting  a 
cooperative  testing  program  aimed  at  the  evaluation  of  the  Stralnrange  Partitioning 
approach  for  the  analysis  and  prediction  of  low-cycle  h I gh-tempera ture  fatigue  life. 

Nlnteen  laboratories  in  five  countries  participated  In  this  program,  each  testing 
Its  own  materials  of  Interest  under  Its  own  laboratory  conditions  so  that  that  the 
results  obtained  will  provide  validation  for  a wide  range  of  materials  and  to  insure 
maximum  usefulness  to  each  of  the  participating  laboratories.  What  we  have  taken 
here  Is  the  first,  very  necessary  step  in  the  evaluation  of  a life  prediction 
approach  - the  evaluation  of  the  ability  of  this  method  to  predict  the  life  of 
specimens  subjected  to  complex  loading  from  specimen  data  obtained  from  simple  tests. 
One  could  not  hope  to  obtain  reliable  life  predictions  for  engine  components  if  It 
were  not  possible  to  reliably  predict  the  lives  of  well  controlled  laboratory 
specimens.  The  culmination  of  this  evaluation  program  is  the  Specialist  meeting  you 
are  now  attending,  which  brings  together  these  Investigators  for  the  purpose  of 
sharing  their  laboratory  testing  experiences,  permitting  an  In-depth  evaluation  of  the 
Stralnrange  Partitioning  method,  and  providing  maximum  exposure  to  the  findings  and 
recommendations  of  this  distinguished  body  of  specialists. 

It  Is  now  my  distinct  honor  and  privilege  to  Introduce  to  you  a dear  friend  of 
long  standing.  Since  1974,  Stan  Manson  has  been  a Professor  of  Engineering  at  Case 
Western  Reserve  University.  For  the  prior  18  years,  he  was  chief  of  the  Materials  & 
Structures  Division  at  NASA's  Lewis  Research  Center.  In  this  capacity,  he  directed  a 
broad  effort  of  more  than  109  scientists  and  engineers  devoted  to  the  development  of 
advanced  materials,  methods  of  characterizing  material  behavior,  and  the  application 
of  materials  to  sophisticated  aeronautical,  space,  and  Industrial  structures.  Included 
within  the  list  of  subjects  covered  by  this  group  of  experts  are  superalloys, 
composites  Including  eutectics,  structural  high  temperature  ceramics,  refractory 
metals,  corrosion  and  oxidation,  low-  and  hlgh-cycle  fatigue,  creep  and  creep-rupture, 
fracture  mechanics,  stress-analysis,  and  other  aspects  of  materials  and  structural 
mechan  les . 

In  addition  to  his  role  as  director  of  this  large  effort,  he  has  personally 
participated  In  Individual  research  for  over  thirty  years,  specializing  In  the 
analysis  of  structures  In  the  creep  and  plastic  flow  range.  In  t I me-temperature 
parameters  for  creep  and  creep-rupture.  In  low-cycle  fatigue  and  cumulative  fatlge 
damage,  in  thermal  shock  parameters,  and  most  notably  In  creep-fatigue  at  elevated 
temperatures . Ills  research  has  led  to  over  100  technical  publications,  a book, 
"Thermal  Stress  and  Low-Cycle  Fatigue",  and  to  a number  of  chapters  in  other  books. 
For  his  pioneering  work  In  metal  fatigue,  he  received  In  1967  the  NASA  Medal  for 
Exceptional  Scientific  Achievement,  and  In  1972  the  Dlstlgulshed  Contributions  Award 
from  the  Society  for  Experimental  Stress  Analysis.  In  1974  he  was  awarded  a Von  Karman 
prize  by  the  TRE  Corporation  to  honor  the  most  significant  contributions  in 
st rue tura I -ma te r I a 1 technology  In  the  decade  since  the  death  of  Theodore  Von  Karman. 
The  prize  was  awarded  In  recognition  of  his  contributions  In  the  development  of 
I Ife-predlct Ion  methods. 

Stan  Manson  Is  an  active  member  of  several  technical  societies.  He  Is  a past 
president  of  the  Society  for  Experimental  Stress  Analysis.  He  was  elected  In  1971  to 
Honorary  membership  In  the  Society  of  Materials  Science,  Japan  - the  only  scientist  In 
the  western  world  so  recognized.  He  Is  also  a Fellow  of  the  Royal  Society. 

Most  recently  Professor  Manson  has  been  pioneering  along  with  his  co-developers 
Gary  Halford  and  Marvin  Hlrschberg,  In  the  development  of  the  method  of  Stralnrange 
Partitioning.  It  Is  this  activity  that  brings  us  together  here  In  this  beautiful  city 
of  Aalborg,  Denmark.  In  presenting  Professor  Manson  to  you,  I must  tell  you  that  I 
have  both  good  news  and  bad  nev/s . The  bad  news  Is  that  Stan  Is  almost  never  a man  of 
few  words.  The  good  news  Is  that  his  words  are  usually  worth  hearing.  With  that,  I 
give  you  Stan  Manson. 


THE  DEVELOPMENT  AND  APPLICATION  OF  STRAINRANGE 
PARTITIONING  AS  A TOOL  IN  THE  TREATMENT  OF  HIGH 
TEMPERATURE  METAL  FATIGUE* 

S.  S.  Hanson,  Professor  of  Mechanical  and  Aerospace  Engineering 
Case  Western  Reserve  University 
Cleveland,  Ohio  44106 


ABSTRACT 


The  background  and  basis  of  the  Strainrange  Partitioning  Method  is  described,  and 
the  results  of  a number  of  investigations  applying  the  method  to  high  tenper- 
ature  metal  fatigue  problems  are  briefly  reviewed.  Among  the  subjects  thus 
far  studied  are  the  effects  of  frequency,  stress  and  strain  hold  periods, 
stress  and  strain  ramping,  creep-fatigue  interspersion , and  thermomechanical 
eye  1 ing . 

Of  special  interest  has  been  the  establishment  of  a set  of  universalized 
life  relations  which  are  normalized  by  the  ductility  of  the  material.  These 
relations  together  with  a set  of  rules  that  have  been  devised  for  treating 
multiaxiality  by  the  method,  have,  for  example,  been  useful  in  predicting 
torsion  behavior,  and  in  particular  in  establishing  a new  relationship  between 
torsion  and  tension  that  had  previously  not  been  considered.  They  have  also 
been  useful  in  the  development  of  a framework  for  treatment  of  environmental 
effects . 


INTRODUCTION 


Strainrange  Partitioning  (SRP) , as  a tool  for  treating  high  temperature  fatigue, 
was  conceived  just  about  7 years  ago.  The  underlying  concept  of  partitioning  the  total 
inelastic  strainrange  into  its  four  generic  components  developed  because  alternative 
approaches  in  use  at  that  time  led  to  perplexing  questions  that  could  not  readily  be 
answered  by  existing  methods.  In  the  intervening  years  we  have  attempted  to  resolve  many 
of  these  questions  and  are  making  a dedicated  effort  to  apply  the  SRP  concept  to  many 
types  of  problems,  both  to  learn  of  its  potential  and  to  become  alerted  to  limitations  that 
require  further  inquiries. 

While  the  effort  has  been  intense  the  main  investigators  have  been  the  originators 
of  the  method.  It  is  only  now,  as  the  method  passes  from  infancy  to  a more,  advanced  early 
development  stage,  that  other  investigators  have  become  encouraged  to  make  inquiries  of 
their  own.  This  Specialists'  Meeting  is  the  culmination  of  the  first  phase  of  outside 
participation.  It  is  indeed  a privilege  to  join  with  this  eminent  international  group 
of  investigators  in  a mutual  exchange  of  experiences  in  the  application  of  Strainrange 
Partitioning.  I expect  that  much  good  will  come  of  this  meeting  - some  of  it  gratifying 
in  that  successes  will  be  reported  in  applications  of  interest  to  the  investigators, 
some  of  it  pointing  to  areas  that  need  further  development  before  it  can  be  successfully 
applied.  All  contributions  are  useful,  and  completely  welcome. 

It  is  my  special  privilege  not  only  to  join  Mr.  Deutsch  in  welcoming  you,  but  to 
express  the  keynote  of  the  meeting.  I shall  not  attempt  to  add  new  data;  that  will  be 
the  role  of  the  international  specialists.  But  I do  think  that  it  is  appropriate  for  me  to 
provide  some  background  information  of  the  logic  that  led  to  the  development  of  the  method, 
together  with  a brief  overview  of  the  types  of  problems  that  have  already  been  treated. 


BACKGROUND 


Genesis . The  concept  underlying  the  SRP  Method  came  to  fruition  during  the  preparation 
of  another  report  the  purpose  of  which  was  to  refine  the  Time-and-Cycle  Fraction  approach 

for  treating  high  temperature  fatigue.  Our  goal  was  to  point  out  that  two  major  changes 

in  the  application  of  the  method  would  improve  its  accuracy  considerably.  The  first 
was  to  use  cyclic  creep  rupture  data  in  place  of  the  static  data  then  (and  now)  used;  the 

second  was  to  eliminate  the  double  accounting  of  the  "creep  effect";  once  when  we  summed 

the  time  fractions  based  on  creep  rupture  data,  and  then  again  when  we  included  this  same 
creep  strain  within  the  total  strainrange  in  evaluating  the  fatigue  cycle  fraction.  In 
attempting  to  work  out  the  details  of  such  improvements  several  dilemmas  presented  them- 
selves : 


Keynote  paper  to  AGARD  Specialist  Meeting  on  Evaluation  of  Strainrange  Partitioning, 
AALBORG,  Denmark,  April  11,  12,  1978. 


1.  How  should  the  cyclic  creep  rupture  data  be  generated?  We  had  been  using 
constant  load  testing  in  tension  and  compression,  allowing  the  specimen  to  strain 
about  17.  in  each  direction  before  reversal,  but  how  critical  was  the  strain  amplitude? 
Furthermore,  since  we  were  summing  only  the  tensile  portions  of  the  test  time,  did 

we  really  need  to  waste  the  time  allowing  the  specimen  to  creep  during  the  strain 
reversal,  or  could  we  compress  it  back  to  the  starting  point  of  strain  rapidly, 
and  thereby  save  test  time? 

2.  In  a symmetrical  loading  test  it  might  be  easy  to  separate  out  that  part 
of  each  half  of  the  cycle  that  was  "creep",  and  therefore  remove  it  from  the  total 
strainrange  involved  in  the  cycle  when  considering  the  fatigue  effect , using  the  basis 
that  its  damaging  effect  had  already  been  accounted  for  in  the  time  fraction  summation. 
But  in  considering  unsymmetrical  cycles,  wherein  the  creep  strain  in  tension  was 
different  from  that  in  compression,  which  component  should  we  subtract? 

3.  Of  special  interest  in  resolving  issue  2 above  was  the  case  when  the  creep 
was  in  compression  only,  as  frequently  occurs  during  thermomechanical  loading.  Not 
only  was  there  a question  as  to  how  to  correct  the  strainrange  for  calculating  the 
fatigue  effect,  but  the  whole  issue  of  how  to  treat  compressive  creep , even  in  the 
time-fraction  calculation,  required  attention.  Should  compressive  creep  be  regarded 
to  bq  as  damaging  as  tensile  creep?  Should  we  use  the  cyclic  creep  rupture  results 
based  on  tension  creep  to  estimate  compressive  creep  damage.  What,  in  fact,  is 

the  true  role  of  compression,  whether  creep  or  plasticity,  in  elevated  temperatu-e 
fatigue? 

It  is  inappropriate  to  dwell  on  the  deliberations  that  led  from  the  above  questions 
to  the  formulation  of  the  SRP  concept.  But  it  is  clear  that  once  the  total  strainrange 
is  regarded  as  a synthesis  of  A( pp  Aecc  and  AeCp(or  AtpC)  , the  questions  become  resolved, 
or  they  vanish  altogether.  There  is  no  longer  cue  issue  of  how  to  generate  a cyclic 
creep  rupture  curve  because  SRP  does  not  require  one;  the  four  generic  life  relationships 
take  their  place.  There  is  no  longer  a need  to  separate  that  part  of  the  total  strainrange 
due  to  the  already  accounted  for  creep  from  the  strainrange  causing  pure  fatigue;  a true 
creep- fat igue  interaction  emerges,  and  the  net  effect  depends  on  which  types  of  strainranges 
are  involved,  and  in  what  proportion.  And  finally,  there  is  no  need  to  deliberate  over  the 
role  of  compression  because  compression,  just  like  tension,  governs  which  of  the  strain- 
ranges  will  be  present,  and  in  what  proportion. 

That  some  questions  were  answered  or  negated  does  not  mean  that  SRP  could  answer 
all  questions,  nor  that  new  questions  were  not  raised  by  its  substitution.  But  it  did  mean 
that  we  had  a fresh  starting  point  and  a new  basis  on  which  to  frame  a logic  to  seek  answers 
and  to  point  to  new  potential  relationships  not  as  clearly  evident  without  this  new  tool. 
Before  proceeding  to  outline  some  of  the  consequencies  of  the  implementation  of  SRP, 
it  is  helpful  to  discuss  some  physical  aspects  underlying  the  method. 

Basic  Mechanism.  Although  the  implementation  of  the  method  does  not  require  a knowl- 
edge of  the  mechanistic  basis,  it  is  certainly  instructive  to  seek  an  understanding  of  the 
physics  involved  in  the  creep-fatigue  process.  Thus  we  undertook  very  early  to  provide 
a simplified  model  of  the  process  based  on  the  SRP  framework.  We  recognized  the  extreme 
complexity  of  the  process;  all  the  intricacies  of  the  room  temperature  mechanism,  plus 
the  complications  added  by  superimposing  creep,  plus  the  environmental  factors  aggravated 
by  addition  of  an  aggressive  atmosphere.  However,  we  felt  that  a start  could  be  made  by 
considering  the  simplest  model  that  contained  some  of  the  important  elements  of  the 
problem. 

Figure  1 shows  the  simplified  model  we  adopted  in  which  (B)  is  an  enlargement  of  a 
small  region  in  the  vicinity  of  the  surface  in  (A) . We  consider  first  a strain  cycle 
designated  cp.  During  the  tensile  half,  the  stress  is  presumed  to  be  too  low  to  activate 
slip  in  the  slip  plane  EF.  But  given  enough  time,  sliding  is  presumed  to  take  place  along 
the  grain  boundary  GH,  displacing  the  upper  half  of  the  crystal  relative  to  the  lower  half, 
as  shown  in  (C) . Cavitation  can  also  occur  in  the  grain  boundary  as  shown.  During  the 
compressive  half  of  the  cycle,  when  the  loading  is  assumed  to  be  very  rapid,  the  total 
strain  is  assumed  to  be  returned  to  its  initial  condition.  But  the  time  is  short  and  in 
order  to  accomplish  the  effect  in  short  time,  a high  stress  level  develops.  The  reverse 
sliding  takes  place  along  the  family  of  slip  planes  parallel  to  EF,  but  no  grain  boundary 
sliding  occurs  because  the  time  is  too  short.  The  final  condition  is  as  shown  in  (D) . 
Although  upon  completion  of  the  cycle  there  is  no  net  strain  as  measured  by  an  extensometer , 
internally  there  is  left  a considerable  disruption  on  a localized  structural  scale.  Net 
internal  strains  remain  in  both  the  slip  planes  and  grain  boundaries,  and  cavities  may  exist 
in  the  grain  boundaries.  Moreover,  if  the  cycle  is  repeated  similar  strains  will  be  super- 
imposed on  the  strains  accumulated  from  all  previous  cycles.  Every  cycle  causes  a ratchet- 
ing of  tensile  grain  boundary  strain,  balanced  by  a ratcheting  of  compressive  slip  plane 
strain.  Each  type  of  strain  is  essentialy  accumulated,  cycle  by  cycle,  until  the  capacity 
of  the  material  to  deform  in  one  or  the  other  of  the  two  modes  is  exhausted,  and  failure 
ensues . 

Similar  models  have  been  constructed  for  each  of  the  other  generic  strainrange  com- 
ponents. For  pc  approximately  the  same  localized  structural  features  develop,  except  perhaps 
for  the  absence  of  grain  boundary  cavitation.  For  pp  straining  we  envision  cyclic 
reversal  within  the  slip  planes.  However,  although  some  "healing"  may  take  place  by  compen- 
sating slip  during  the  compressive  half,  which  exactly  reverses  the  slip  in  a particular 
slip  plane  occurring  in  the  tensile  half,  a net  damage  per  cycle  s^ill  persists.  All  the 
mechanisms  drawn  on  to  explain  room  temperature  fatigue , wherein  pp  is  the  principal  mode 


K-.i 


for  most  materials,  become  relevant:  intrusions  and  extrusions,  subgrain  formation,  crack 
ing  of  subgrain  boundaries,  agglomeration  of  dislocations,  and  others  too  numerous  to  dis- 
cuss at  this  time.  And  finally,  for  cc  straining  mechanisms  analogous  to  pp  deformation 
occur,  except  that  grain  boundaries  replace  slip  planes  in  the  model,  and  grain  boundary 
cavitation  becomes  an  additional  source  of  damage.  In  all  cases,  of  course,  environmental 
attack  is  an  important  factor,  being  both  of  general  nature  on  the  complete  surface  of  the 
material,  and  of  particular  intensity  in  the  region  where  clean  nascent  surface  has  become 
exposed  by  the  reversed  deformation,  for  example  the  region  E'C'  in  Fig.  1. 


Figure  1.  Simplified  schematic 
illustration  of  the  creep- 
fatigue  interaction  occurring 
when  tensile  creep  along 
grain  boundaries  is  reversed 
by  compressive  plasticity 
along  crystallographic  slip 
planes . 


Some  Implications  of  the  Hypothesized  Mechanism  - While  reduced  to  almost  simplistic 
terms  ("recognizing  that  the  process  Fs  much  more  complicated)  the  model  nevertheless  leads 
us  to  some  natural  consequences  that  simplify  the  treatment  of  high  temperature  fatigue. 

In  addition  it  provides  us  with  a framework  of  logic  for  attacking  aspects  of  the  process 
not  directly  resolved. 

a)  Once  we  differentiate  between  only  two  types  of  deformat  ion , grain  boundary 
sliding  (call  it  "creep")  and  slip  plane  sliding  (call  it  "plasticity"),  it  follows 
that  there  are  only  four  generic  permutations  possible.  Thus  all  the  problems, 
involving  any  complicated  loading  pattern  whatever , reduce  to  the  determination  of 
which  of  three  basic  strainranges  develop  during  the  cycle  (At.nC  and  Ae^n  cannot  exist 
concurrently,  by  definition).  Where  in  the  cycle  any  particular  element1  of  strain 
occurs  becomes  of  secondary  importance  to  the  net  strain  within  the  complete  cycle, 
and  tne  strain  reversal  pattern.  We  no  longer  think  in  terms  of  whether  the  problem 
is  one  of  stress-hold,  strain-hold,  variable  frequency,  variable  temperature,  or 

any  of  the  many  complicated  types  of  loadings  that  are  of  practical  interest. 

Rather,  we  think  in  terms  of  the  type  of  strainranges  it  generates.  Problems,  there- 
fore, are  assumed  to  reduce  to  a consideration  of  one  or  more  of  four  possible  generic 
strainranges , not  more  than  three  in  any  one  hysteresis  loop.  Furthermore,  material 
characterization  becomes  a matter  of  establishing  four  life  relationships,  and  their 
determination  is  accomplished  under  experimentally  convenient  conditions,  while  their 
use  extends  to  complex  loading  as  well. 

b)  Once  we  identify  the  mechanism  with  inelastic  strainrange,  and  in  particular 
view  it  (at  least  for  the  pc  and  cp  modes)  as  a ratchet  causing  essentially  monotonic 
strain  accumulation  until  straining  capacity  is  exhausted,  we  recognize  the  importance 
of  ductility  in  governing  fatigue  life.  However,  we  now  are  led  to  draw  an  Important 
3Tst  inct  loribetween  "plastic"  ductility  and  "creep"  ductility.  For  practical  purposes 
we  are  led  to  consider  as  the  most  important  ductility,  for  a particular  life  relation, 
that  type  which  is  associated  with  the  tensile  portion  of  the  cycle.  Thus  for  pp  and 
pc  we  would  regard  the  ordinary  tensile  ductility  as  governing,  while  for  the  cc  and  cp 
strains  the  "creep"duct il ity  is  of  primary  importance.  While  it  is  difficult  to 
obtain  a true  measure  of  "creep  ductility",  a first  approximation  of  its  measure  is 
the  ductility  determined  in  the  creep  rupture  test  of  approximately  the  same  duration 
as  the  fatigue  test  required.  These  considerations  led  us  to  propose  some  tentative 
life  relationships  for  each  of  the  four  generic  strainranges  in  Ref.  2 in  which 
strainrange  was  related  to  cyclic  life  through  the  duct ility  assoc iated  with  the 
tensile  component  of  the  strainrange  involved.  More  recently,  Halford,  Saltsman  and 
Hirschberg  (Ref.  3)  have  refined  these  relationships  based  on  additional  data.  The 
form  of  their  equations  differ  somewhat  from  the  earlier  ones,  but  again  the  basic 
ductility  identification  is  the  same:  pp  and  pc  relate  to  tensile  ductility;  cp  and 

cc  relate  to  creep  ductility.  The  equations  are  of  immense  value  in  obtaining  life 
estimates  for  which  fatigue  data  are  scarce,  or  for  temperatures  and  environments  not 
yet  studied,  or  in  transferring  information  on  one  lot  of  material  to  the  estimation 
of  fatigue  data  on  another  lot. 
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Fig.  2.  Strainrange  vs. 
including  bi-thermal  tests. 
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c)  Once  we  relate  life  to  the  type  of  strainrange  present,  and  to  the  monotonic 
ductility,  we  automatically  put  temperature  and  temperature  variations  during  the 
cycle  into  a perspective  not  previously  employed^  Fatigue  life  is  known  to  be 
extremely  sensitive  to  temperature,,  and  as  a result  estimation  of  life  at  a particular 
temperature,  or  transfer  of  knowledge  of  behavior  at  another  temperature,  is  very 
difficult,  particularly  when  fluctuations  occur  during  the  cycle.  The  SRP  framework 
regards  temperature  as  important  primarily  in  determining  the  type  of  strainranges 
that  develop  when  a given  set  of  external  loading  conditions  are  applied.  If  the 
temperatures  are  all  very  low,  pp  strainrange  may  develop  because  no  creep  is  possible 
at  such  low  temperatures.  Or  if  they  are  all  very  high,  a cc  strainrange  component 
may  predominate  under  similar  loading  conditions.  Or  if  the  tensile  period  has  high 
temperature  while  the  compressive  period  low  temperatures, cp  strainrange  may  develop. 
Correspondingly  low  temperature  during  tension  and  high  temperature  during  compres- 
sion tends  to  produce  pc  strain.  Thus,  the  major  burden  of  providing  information 

for  quantitative  treatment  of  temperature  effects  is  shifted  to  the  structural 
analyst,  requiring  him  to  make  an  important  distinction  between  inelastic  plastic 
strain  and  inelastic  creep  strain.  Actually,  it  is  not  much  of  an  additional  burden 
to  him  because  he  must  calculate  the  required  information  anyway  since  the  constitu- 
tive equations  for  creep  strain  are  different  from  those  for  plastic  flow,  and  the 
two  types  of  strain  are  easily  retrieved  from  the  memory  of  required  analysis.  In 
fact,  the  SRP  framework  makes  more  complete  use  of  his  analysis  than  if  the  major 
requirement  were  merely  to  supply  total  inelastic  strainrange. 

Reasoning  arch  as  the  above  - that  temperature  significantly  influences  the  loading 
system  required  to  produce  a given  strainrange,  but  does  not  necessarily  influence  the 
cyclic  life  once  a given  type  of  strainrange  is  induced,  - led  us  to  make  the  study 
(Ref.  4)  of  the  effect  of  temperature  on  the  life  relationships  for  316  stainless  steel 
and  2 1/4  Cr-1  Mo  steel.  Fig.  2 shows  the  results  for  316  stainless  steel  indicating 
essential  independence  of  temperature  for  all  the  four  strainranges;  similar  results 
were  obtained  for  2 1/4  Cr-1  Mo  steel.  Kven  bi thermal  tests,  wherein  half  the  range 
was  conducted  at  low  temperature  to  insure  absence  of  creep,  while  the  other  half  was 
conducted  at  high  temperature  to  insure  predominance  of  creep,  showed  the  same  life 
relationship  to  strainrange  as  did  the  isothermal  tests  at  various  temperatures.  Thus 
the  conclusion  must  be  reached  that,  for  these  two  materials  the  fatigue  life  relationships 
are  independent  of  temperature  in  the  range  of  temperatures  studied. 

It  should  be  emphasized,  of  course,  that  it  is  not  a requirement  of  the  SRP  method 
that  the  life  relations  be  independent  of  temperature.  Til  fact , it  is  not  even  to  be 
expected,  since  we  have  already  pointed  out  the  importance  of  ductility  on  life,  and  have 
alluded  to  the  significance  of  environmental  interaction.  Since  ductility  and  environmental 
attack  may  depend  strongly  on  temperature,  variations  in  fatigue  life  with  temperature 
could  be  expected  for  those  temperature  ranges  where  the  effects  dre  strong . For  the  316  SS 
and  the  2 1/4  Cr-1  Mo  steel  in  the  temperature  and  time  ranges  tested  these  effects  were 
secondary.  In  any  case,  the  SRP  Method  separates  the  rheological  effects  of  temperature 
from  the  temperature  effects  on  ductility  and  oxidation  (or  other  chemical  effects). 

d)  Relating  life  to  the  type  of  strainrange  involved  also  adds  a new  perspective 
to  the  effect  of  mean  stress  not  similarly  viewed  by  other  methods.  At  room  temper- 
ature  the  mean  stress  relaxes  to  zero  when  large  inelastic  strainranges  are  applied. 

But  at  high  temperatures  mean  stresses  can  develop  even  at  high  strainranges  because 
of  the  creep-plasticity  interaction.  Certain  types  of  mean  stress  naturally  develop 
during  the  generation  of  the  desired  strainranges  for  SRP  purposes.  They  are,  there- 
fore, already  accounted  for  in  the  life  relations  for  those  strainranges.  Consider, 
for  instance,  the  generation  of  cp  and  pc  loops  under  isothermal  conditions.  The  cp 
loop,  as  discussed  in  connection  with  Fig.  1, can  be  generated  by  slow  straining  at 
low  stress  in  tension  and  fast  straining  in  compression.  A typical  hysteresis  loop 
is  as  shown  in  Fig.  3A.  The  peak  compressive  stress  is  higher  than  the  peak 
tensile  stress,  so  that  the  mean  stress  is  compressive.  Correspondingly  a pc  loop 
produces  a mean  tensile  stress,  as  shown  in  Fig.  3B.  One  might  be  tempted  to  argue 
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Fig.  3.  Schematic  Illustration  of  hysteresis  loops  for  cp  and  pc  types  of  strain- 
ranges  . 
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that  the  mean  compressive  stress  of  cp  loop  should  be  beneficial,  while  the  mean 
tensile  stress  of  the  pc  loop  should  be  detrimental.  Yet,  for  a material  like 
316  Stainless  Steel,  the  life  associated  with  the  loop  having  tensile  mean  stress 
could  be  twenty  times  as  high  as  that  for  the  loop  having  compressive  mean  stress, 
temperature  and  strainrange  both  being  equal.  No  careful  tests  have  been  conducted 
to  determine  whether  the  same  cp  strainrange,  generated  under  conditions  that  result 
in  a mean  tensi’e  stress  would  be  more  damaging  than  a similar  strainrange  conducted 
under  conditions  resulting  in  a mean  compressive  stress.  Nor  have  careful  tests 
been  conducted  to  ascertain  the  mean  stress-effect  for  small  strain  oscillations. 
These  are  subjects  yet  to  be  studied.  But  it  is  clear  from  the  SRP  framework,  and 
from  the  life  relationships  we  already  know  for  several  materials,  that  our  concepts 
regarding  mean  stress  effects  gained  from  experience  at  room  temperature  must  be 
revised  to  embrace  high  temperature  creep-plasticity  interactions. 


APPLICATIONS 


Before  reviewing  some  of  the  specific  studies  that  have  been  conducted  we  should  point 
out  that  some  of  our  efforts  have  been  directed  toward  the  development  of  techniques  for 
implementation  of  procedure.  For  example,  it  has  been  necessary  to  establish  a procedure 
for  separating  the  total  inelastic  strainrange  into  its  generic  strainrange  components. 

This  can  be  done  analytically  if  the  constitutive  equations  used  in  the  structural  analysis 
are  sufficiently  accurate.  However,  in  the  absence  of  the  required  accuracy,  we  can  use 
a semi-experimental  approach  we  have  developed  wherein  the  loading  cycle  is  duplicated  on 
a uniaxial  specimen,  and  the  stabilized  hysteresis  loop  observed.  It  requires  only  a 
small  fraction  of  the  cyclic  fatigue  life  to  accomplish  stabilization;  thus  the  time 
saving  efficiency  of  the  approach  is  high  relative  to  conducting  the  test  to  complete 
fracture . 


The  procedure  for  separation  of  the  strainrange  components  is  described  in  Ref.  5. 
Basically  what  is  required  is  a determination  of  the  second  stage  creep  rate  at  each 
instant  of  time  during  the  cycle.  This  is  accomplished  either  by  actually  stopping  the 
loading  at  each  of  several  stress  levels  during  the  test,  and  measuring  the  creep  rate 
which  is  approached  asymptotically  with  time,  or  by  an  analytical  approach  using  the  power 
law  relation  between  stress  and  creep  rate.  The  experimental  method  is  especially  valuable 
when  both  temperature  and  stress  change  during  the  cycle,  as  in  thermomechanical  loading 
(Ref.  6),  but  is  useful  for  isothermal  loading  as  well.  Once  the  total  creep  strain  in 
each  half  of  the  cycle  has  been  determined,  the  plastic  components  are  determined  by 
subtraction  from  the  known  total  inelastic  strainrange.  The  strainrange  components  are 
then  calculated  from  knowledge  of  the  individual  creep  and  plasticity  strains  in  each 
half  of  the  cycle.  I shall  illustrate  the  approach  later  in  connection  with  Fig.  8. 

A second  general  aspect  that  relates  to  all  problems  treated  is  the  method  of  com- 
bining the  cumulative  damage  of  resulting  strainrange  components  when  more  than  one  is 
present  during  a single  cycle.  The  Interaction  Damage  Rule  (Ref.  2)  has  served  this 
purpose  well.  The  rule  uses  the  cyclic  life  that  would  be  associated  with  each  of  the 
partitioned  strainranges  as  if  the  entire  inelastic  strainrange  involved  in  the  cycle 
were  of  that  type.  For  example  if  the  total  inelastic  strainrange  wereT£,  ancT  only  0.1% 
were  cp  strain,  we  would  not  need  to  know  the  cp  life  for  0.1%,  strainrange,  only  for 
1%.  strainrange.  The  advantage  is  that  we  are  not  forced  into  a need  for  accurate  knowledge 
of  the  life  relationships  at  low  strainranges  where  experimental  determinations  are 
difficult . 

Stress-Hold  Tests.  One  of  the  most  interesting  and  revealing  critical  tests  that 
have  been  conducted  within  the  SRP  framework  related  to  stress-hold  at  elevated  temperature 
on  316  Stainless  Steel  (Ref.  1).  These  tests  were  analogous  to  our  cyclic  creep-rupture 
tests  in  that  the  load  was  held  constant  until  a fixed  strain  was  reached.  However,  the 
reversal  was  accomplished  by  first  reducing  the  temperature  to  a low  value,  below  where 
creep  would  be  expected^ and  rapidly  returning  the  strain  to  its  initial  value.  In  one 
test  the  load-hold  was  imposed  in  tension  at  704  C and  the  compression  at  316  C,  while 
in  the  other  case  the  load  hold  occurred  in  compression  at  704  C while  the  tension  return 
was  at  316  C.  The  hysteresis  loops  and  the  failure  modes  are  shown  in  Fig.  4.  On  several 
scores  one  might  have  expected  the  tensile  hold  to  be  less  damaging  than  the  compressive 
hold : 


a)  The  mean  stress  for  the  tensile-hold  was  compressive  while  that  for  the  com- 
pressive-hold was  tensile . This  mean  stress  difference  between  the  two  types  of 
loading  was  exaggerated  by  the  fact  the  reversal  strain  in  each  case  was  at  a low 
temperature,  causing  a high  or  flow  stress  relative  to  the  stress  required  to  cause 
the  creep. 

b)  The  time  per  cycle  was  considerably  longer  for  the  compressive-hold  test 
because  the  compressive  creep  rate  was  much  lower  than  the  tensile  creep  rate. 
Considering  the  total  test  Lime  to  cause  failure,  the  compressive-hold  test  was 
subjected  to  an  exposure  time  50  times  longer  than  the  tensile-hold  test.  If 
ordinary  oxidation  was  a major  factor  in  governing  life  the  compressive-hold  test 
would  have  had  to  be  regarded  as  the  much  more  vulnerable  one. 


Fig.  4.  Photomicrographs  and  hysteresis  loops  of  fractured  specimens  of  316  stainless 
steel  tested  in  creep-fatigue. 


c)  The  SRP  inelastic  strainrange  was  somewhat  lower  for  the  tensile  hold, 

being  fitcp=  1-47%  compared  to  &EpC  = 1.62%  for  compressive  hold. 

Yet,  with  all  the  positive  factors  operating  in  behalf  of  the  tensile-hold  test,  its 
life  was  shorter  than  that  for  the  compressive-hold  test  by  a factor  of  nearly  18.  The 
explanation  in  this  case  is  simply  that,  according  to  the  SRP  life  relations,  the  cp  strain- 
range  induced  during  the  tensile-hold  is  much  more  damaging  than  the  corresponding  pc 
strainrange  associated  with  the  compressive-hold.  Note  also  that  the  tensile-hold 
tests  resulted  in  a highly  intercrystalline  failure,  while  the  compressive-hold  resulted 
in  a transcrystalline  failure  mode.  Quantitatively,  the  life  values  associated  with 
each  of  the  tests  are  very  close  to  predictions  by  SRP. 

Similar  load-hold  tests  have  been  conducted  on  2 1/4  Cr-lMo  Steel  which,  at  low 
strains,  happens  to  be  more  severely  damaged  by  pc  than  by  cp  straining.  The  lives  were 
still  as  predicted  by  SRP  analysis. 

Strain-Hold  Tests . Since  strain-hold,  and  accompanying  stress  relaxation  is  so 
important  in  nuclear  and  aerospace  applications,  it  is  not  surprising  that  this  subject 
has  been  studied  so  extensively.  From  an  SRP  viewpoint  the  phenomenon  is  simply  one  of 
inducing  cp,  pc,  or  cc  strainranges . During  tensile  strain-hold,  the  stress  causes  creep 
which  in  turn  reduces  the  stress,  trading  elastic  strain  for  creep  strain.  Tensile-hold 
induces  cp  strainrange,  compressive-hold  pc  strainrange,  and  combined -tensile  and  compressive- 
hold  induces  cc  strainrange.  Many  such  laboratory  tests  have  been  analyzed  quantitatively 
within  the  SRP  framework.  A typical  result  is  shown  in  Fig.  5 (Ref.  2)  for  304  stainless 
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steel  at  650C.  The  loss  in  life  with  increased  hold-time  is  greater  for  the  lower  strain- 
ranges  because  a larger  percentage  of  the  total  strainrange  can  be  converted  to  the  cp 
type.  For  a 0.5%  total  strainrange  varying  the  hold-period  from  10~2  min.  to  103  min. 
can  reduce  life  by  a factor  of  40,  but  at  a 2%  strainrange  the  reduction  is  by  only 
a factor  of  6.  For  compressive-hold  in  304  and  316  Stainless  Steel  the  reduction  factor 
is  not  nearly  as  high  as  for  tensile-hold  because  pc  damage  is  not  as  servere  as  cp 
damage.  Combined  tensile-and  compressive-hold  produces  cc  strain  which  reduces  life 
more  than  compressive-hold  alone,  but  not  as  much  as  tensile-hold. 


Fig.  5.  Effect  of  strain-hold  time  on  cycles  life  for  304  SS  at  650C  (From  Ref  2) 


For  2 1/4  Cr-1  Mo  steel  opposite  results  were  observed , and  are  readily  predicted  by 
SRP.  Compressive-hold  is  more  damaging  than  tensile-hold  because  pc  is  more  damaging  than 
cp  for  this  material. 

Frequency  Effects.  Applying  a given  strainrange  at  a series  of  different  frequencies 
produces  differences  In  life  for  three  reasons: 


a)  The  type  of  strain  that  develops  is  different  for  different  frequencies. 

Slower  cycling  tends  to  induce  cc  strainranges , while  fast  cycling  features  pp  strain- 
ranges.  Thus,  as  frequency  is  varied  under  symmetrical  cycling  (i.e.,  no  hold-periods) 
the  mix  of  pp  and  cc  strainranges  varies,  generally  decreasing  cyclic  life  for  the 
lower  frequencies  wherein  cc  strains  predominate. 


b)  The  longer  cycle  times  associated  with  the  lower  frequencies  may  be  conducive 
to  metallurgical  transformations  that  reduce  ductility. 

c)  The  longer  cycle  times  associated  with  the  lower  frequencies  allow  more 
surface  oxidation,  which  may  also  reflect  itself  as  a reduct  ion  in  duct ility . 


Figure  6 shows  results  of  some  SRP  calculations  (Ref.  2)  for  frequency  effect,  and 
a comparison  with  experimental  results.  In  Fig.  6A  are  shown  the  results  for  symmetrical 
cycling  316  stainless  steel  at  815C.  At  the  lowest  frequency  shown,  10"5  Hz,  the  strain- 
range  Is  expected  to  be  absorbed  almost  entirely  as  cc , whereas  at  frequencies  for  1 to 
10  Hz,  almost  all  the  strainrange  becomes  pp.  Thus  the  lower  shelf  of  life  is  the  cc  life, 
and  the  upper  shelf  is  the  pp  life  for  the  imposed  strainrange.  This  is  true,  however, 
only  if  ductility  is  not  seriously  altered  by  exposure  time. 


In  Fig.  6B  are  shown  calculations  for  A286  Steel  at  595  C.  For  this  material 
metallurgical  transformations  reduce  ductility  for  the  longer  cycle  periods.  That  such 


transformations  are  involved  is  deduced  from 
in  creep-rupture  tests  as  the  rupture  time  ii 


the  progressively  lower  ductilities  observed 
increased.  Calculations  based  on  the 


Fig.  6.  Frequency  effects  on  cyclic  life  for  316  SS  at  815C  and  A-286  at  595C 
(From  Ref . 2) . 
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ductility  degradation  for  the  cc  component  (the  dotted  curve  in  the  figure)  produce  good 
comparison  with  experimental  results.  In  this  case  a lower  shelf  of  life  does  not  occur 
in  the  frequency  range  investigated,  because  progressively  lower  frequencies  produce 
lower  and  lower  creep  ductilities,  which  reduce  the  cc  life. 

Strain  ramping . When  the  strain  rate  is  slow  during  the  rising  strain  period,  and 
fast  during  the  per  tod  of  strain  reduction,  a cp  strainrange  tends  to  be  induced  because 
the  stress  is  tensile  for  a longer  period  than  it  is  compressive.  Conversely,  when  the 
strtin  rate  is  slow  during  the  rising  period,  and  fast  during  the  declining  period,  pc 
strain  is  induced.  Figure  7 shows  some  results  (Ref.  5)  of  such  strain  ramping  tests  on 
116  Stainless  Steel  at  70AC,  together  with  predictions  made  by  SRP.  On  the  vertical 
axis  is  shown  the  ratio  of  life  for  the  ramping  condition,  normalized  to  the  pp  life  for 
the  same  inelastic  strain  range  at  70AC.  On  the  horizontal  axis  is  the  rate  at  which  the 
ramping  was  imposed  during  the  slow  portion  of  the  cycle  (the  return  rate  being  as  rapid 
as  could  be  experimentally  achieved).  The  predicted  lines  agree  well  with  the  experimental 
points.  Note  that  severe  loss  of  life  occurs  during  the  slow  ramping  while  strain  is 
increasing,  but  very  little  loss  of  life  occurs  if  the  slow  ramping  occurs  while  the 
strain  is  decreasing.  As  already  noted,  this  is  due  to  detrimental  cp  strain  developing 
under  the  first  condition,  while  pc  strain  develops  under  the  second  condition  for  the 
316  Stainless  Steel.  The  calculations  are  in  general  agreement  with  the  exper iementa 1 
results.  For  2 1/A  Cr-1  Mo  Steel,  on  the  other  hand,  the  opposite  effect  might  be 
expected:  slow  decreasing  strain  ramping  might  be  expected  to  be  more  damaging  than 
slow  ramping  while  the  strain  is  increasing. 


Fig.  7.  Strain  ramping  experiments  analyzed  by  SRP.  (From  Ref.  5). 


Thermomechanical  Loading.  Simultaneous  change  in  strain  (or  stress)  and  temperature 
provides  a severe  chalTenge  to  any  predictive  method.  SRP  has  been  applied  to  the  study 
of  several  such  types  of  loading,  one  of  which  is  shown  in  Fig.  8 (Ref.  6).  Fig.  8A 
shows  the  hysteresis  loop  for  a test  in  which  the  temperature  was  ramped  in  phase  with 
the  strain.  As  strain  was  increased  temperature  was  increased;  as  strain  was  decreased 
temperature  was  decreased.  Note  the  complex  shape  of  the  hysteresis  loop  Stress  actually 
decreases  along  FGH  even  though  the  strain  is  increasing,  because  of  reduced  yield  stress 


Fig.  8.  Thermomechanical  loading  analyzed  by  SRP. 
temperature  (From  Ref.  6). 


316  SS  ramped  in  phase  with 


at  the  higher  temperatures.  The  analysis  in  this  case  was  made  by  observing  the 
stabilized  steady-state  creep  rate  at  each  of  a number  of  points  where  the  test  was  put 
into  load-control,  and  the  stress  and  temperature  held  steady  until  a minimum  creep  rate 
developed.  That  is  the  significance  of  the  lines  FF' , GG' , etc.  The  time  patterns 
of  strain  variation  for  each  of  the  points  where  temperature  and  stress  were  held  constant 
are  shown  in  Fig.  8B.  From  these  measured  steady-state  creep  rates,  the  strainrange 
components  were  computed,  and  a life  predicted  as  334  cycles.  The  observed  life  for 
this  case  was  307  cycles.  While  this  is  a single  case  of  a very  successful  prediction, 
many  more  thermomechanical  tests  are  needed  to  provide  confidence. 

Interspersion  Loading.  Another  very  interesting  type  of  test  available  for  analysis 
was  the  "Interspersion"  test.  It  consisted  of  applying  a tensile  load  and  allowing  the 
metal  to  creep  under  constant  load  and  temperature  for  approximately  24  hours,  after  which 
a reversed  higher  load  induced  in  a relatively  short  time  a compressive  (plastic)  strain 
of  magnitude  equal  to  the  tensile  creep  strain.  After  the  creep  strain  was  reversed,  a 
series  of  rapidly  applied  fatigue  cycles  were  also  imposed.  It  will  be  recognized  that 
24  hour  creep  period,  and  its  rapid  reversal,  define  what  is  essentially  a cp  strain  in 
SRP  terminology.  Thus,  Saltsman  and  Halford  (Ref.  8)  have  analyzed  these  tests  within  the 
SRP  framework  using  the  cp  life  relationship  we  initially  obtained  on  2 1/4  Cr  - 1 Mo  Steel 
in  Ref.  1.  Although  the  tests  were  initially  conceived  as  a check  on  the  validity  of 
the  t ime-and-cycle  fraction  approach  to  high  temperature  fatigue  analysis,  the  data  provided 
an  opportunity  to  check  long-time  data  with  predictions  based  on  SRP  life  relations 
obtained  in  relatively  short  time.  Fig.  9 shows  the  results  for  2 1/4  Cr-1  Mo  Steel. 

The  plot  shows  the  ratio  of  experimental  life  to  life  predicted  according  to  cp  analysis. 
This  ratio  is  plotted  against  test  time.  Note  that  the  data  fall  within  a scatterband 
of  a factor  of  2 in  life,  which  is  very  acceptable.  Note  also  that  the  scatterband  is 
almost  independent  of  time.  In  other  words,  the  long-time  tests  (up  to  about  1 year) 
agree  almost  as  well  as  the  short  time  tests  when  predicted  from  cp  life  data  obtained  in 
relatively  short  time  tests  (less  than  100  hours) . There  does  seem  to  be  a tendency  for 
the  longest  time  tests,  to  fall  into  the  lower  range  of  the  scatterband,  possibly 
reflecting  oxidation  effects  at  the  long  times.  However,  this  question  requires  further 
study.  What  is  of  special  significance  here  is  that  a very  complex  test  has  lent  itself 
to  very  simple  analysis  within  the  SRP  framework. 
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Fig.  9.  Analysis  of  Interspersion  tests  by  SRP  for  2 1/4  Cr-1  Mo  Steel  in  temperature 
range  482  - 593C. 


Mult laxlallty . The  question  of  multiaxlality  required  special  treatment  by  SRP. 
Initially  we  started  with  a Von  Mises  criterion  for  combining  the  stress  and  strain 
components  in  order  to  provide  "effective"  values  to  use  in  the  life  relationships.  But 
because  SRP  draws  such  an  important  distinction  between  tension  and  compression,  questions 
of  algebraic  sign  had  to  be  resolved.  The  approach  developed  is  described  in  Ref . 9 and  10 
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with  special  application  to  torsion.  In  addition  we  took  into  account  that  multiaxiality 
can  cause  an  effect  on  ductility,  and  we  accordingly  modified  the  life  relationships  to 
account  for  this  factor  as  well.  Typical  results  (Ref.  10)  are  shown  in  Fig.  10  where 
the  torsion  results  of  30A  Stainless  Steel  are  predicted  from  uniaxial  fatigue  results 
at  RT,  538,  and  649C.  The  agreement  is  excellent.  It  is  interesting  that  the  new 
approach,  correcting  for  ductility  alterations  associated  with  multiaxiality,  explained 
for  the  first  time  why  in  the  past  it  has  been  so  difficult  to  correlate  torsion  and 
uniaxial  tension  fatigue  simply  on  the  basis  of  octahedral  shear  strain  theory  even  at 
R.T. 
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Fig.  10.  Application  of  SRP  to  analysis  of  high  temperature  torsion  tests.  Special 
account  is  taken  of  multiaxiality  effects  on  ductility  (From  Ref.  10). 


Environmental  Effects.  We  have  long  recognized  that  environment  is  important  in 
fatigue,  especially  at  elevated  temperature  where  oxidation  is  enhanced.  In  particular 
we  note  from  Fig.  1 that  nascent  surface  is  more  prone  to  appear  at  the  intersection  of 
grain  boundaries  with  surfaces.  These  sites  are  therefore  likely  to  be  more  severely 
attacked,  as  illustrated  in  Fig.  11  (Ref.  11).  Oxidation  at  such  sites  is  very  rapid, 
and  therefore  exposure  time  and  available  reactant  (usually  oxygen)  display  critical 
values:  at  the  critical  value  the  surface  reaction  occurs,  but  given  more  time  or  more 

reactant  does  not  appreciably  increase  the  amount  of  reaction.  Thus  we  feel  that  cycle 
time,  beyond  the  critical  value  of  time  required  to  allow  the  reaction  to  take  place,  does 
not  appreciably  change  the  oxidation  effect.  On  this  basis  we  have  provided  a rationale 
(Ref.  12)  for  Including  environment  in  SRP  calculations.  The  main  emphasis  is  placed  on 
the  determination  of  the  SRP  life  relations  in  the  environment  of  interest  using  relatively 
short  time  tests,  and  tracking  further  effects  of  exposure  by  estimating  what  happens 
to  ductility  as  a result  of  the  exposure.  Fig.  12A  shows,  for  example,  how  ductility  of 
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Fig.  11.  Attack  of  grain  boundary  region  at  surface  during  thermal  fatigue  cycling. 
Udiment  700  cycled  between  1088C  and  316C.  (From  Ref.  11). 
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Fig.  12.  Reflection  of  ductility  variation  on  fatigue  properties  in  reactive  and  in 
inert  environment  (From  Ref.  12). 
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a nickel-base  alloy  Rene  41  varies  with  temperature  in  air  and  the  inert  environment 
argon.  Since  no  fatigue  data  were  available  on  this  alloy  we  sought  information  on  other 
alloys  to  demonstrate  the  relationship  between  ductility  and  fatigue.  Figure  12B  shows 
fatigue  results  for  another  nickel-base  alloy,  IN-706.  It  can  be  seen  that  a minimum  in 
fatigue  life  occurs  at  some  critical  temperature,  just  as  a minimum  of  ductility  occurs 
for  Rene  41  (Each  alloy  has  its  own  individual  temperature  at  which  the  minimum  occurs). 
Further  discussion  on  SRP  aspects  of  environment  can  be  found  in  Ref.  12. 


CONCLUDING  REMARKS 


I have  outlined  some  of  the  major  efforts  expended  during  the  first  seven  years  of 
the  development  of  SRP  as  a tool  in  creep-fatigue  analysis.  Although  much  has  been  done 
more  remains.  The  major  need  is  an  extension  to  the  treatment  of  low  strains  and  long 
service  times.  Cumulative  damage  associated  with  complex  cycles,  multiaxiality  (particular- 
ly under  variable  loading  history  and  phase  relation  among  the  components) , and  special 
environmental  effects  are  additional  factors.  Metallurgical  instabilities  will  no  doubt 
require  spec ial cons iderations . The  list  can  be  proliferated.  The  close  scrutiny  given 
by  objective,  concerned,  and  interested  investigators  will  serve  an  invaluable  purpose 
in  the  years  ahead  to  evaluate  the  method  and  to  improve  it  for  direct  utility  to  those 
whose  needs  can  be  served  by  its  application.  This  Specialists  Meeting  is  the  first  of 
such  objective  interchanges  of  experiences  that  will  do  much  to  add  the  proper  perspective 
towards  its  value  and  its  limitations.  Much  of  the  information  to  be  presented  may  be 
satisfying  in  that  the  results  observed  are  in  agreement  with  expectations  based  on  the 
method;  other  results  may  be  perplexing  because  they  do  not  fall  in  line  with  such  expecta- 
tions. Perhaps  we  can  help  each  other  to  appy  the  method  in  a more  useful  manner;  perhaps 
we  can  apprise  each  other  of  genuine  needs  for  further  developments,  or  limitations  that 
are  insurmountable.  In  any  case  I know  this  will  be  an  exciting  experience  for  us  all. 

My  best  wishes  for  a fruitful  meeting. 
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ABSTRACT 


A strainrange  partitioning  analysis  was  conducted  on  ultrahigh  vacuum,  strain-controlled,  low  cycle  fatigue 
behavior  of  uncoated  and  aluminide  coated  Rene1  80  nickel-base  superalloy  at  1000°C  (1832°F)  and  871°C  (1600°P).  The 
results  indicated  little  effect  of  coating  or  temperature  on  the  fatigue  resistance.  There  was,  however,  a significant 

effect  on  fatigue  life  when  creep  was  introduced  into  the  strain  cycles.  The  effect  of  this  creep  component  was 

analyzed  in  terms  of  the  method  of  strainrange  partitioning.  The  longest  lives  were  obtained  with  Ae  type  cycling, 
while  the  Ac  cycle  caused  a reduction  of  fatigue  life  of  about  1/2  order  of  magnitude  with  respect  t#Hhe  Ae  life. 

The  Ac  type  cycle  caused  a life  reduction  of  slightly  less  than  1 order  of  magnitude  with  respect  to  the  Ae  ^ life, 

while  the*  A^  type  cycle  provided  a fatigue  life  approximately  1 order  of  magnitude  below  that  of  the  A lif$* 


Metallographic  evaluation  indicated  that  microstructural  damage  varied  with  cycle  type  and  test  temperature. 
Specimens  tested  with  the  Ac  type  deformation  exhibited  a trasgranular  fracture  mode.  Specimens  tested  with  the 
Ac  type  deformation  exhibited  an  intergranular  fracture  mode  with  extensive  grain  boundary  sliding  resulting  in  steps 
or  $%in  extrusions,  particularly  at  1000°C  (I832°F).  Specimens  tested  with  the  Ac  type  deformation  exhibited  an 
intergranular  fracture  mode,  while  the  Ac  specimens  exhibited  different  fracture  modes  depending  on  test 
temperature.  At  1000°G  (1832°F),  the  fracture  mode  was  intergranular,  while  at  871°C  (1600°F),  the  fracture  mode 
was  transgranular. 


I INTRODUCTION 


The  use  of  diffusion  aluminide  protective  coating  systems  on  superalloys  in  gas  turbine  engines  for  the 
improvement  of  oxidation  and  hot  corrosion  resistance  has  become  quite  widespread  as  a result  of  increasing  cycle 
temperatures.  Although  they  accomplish  thus  purpose,  there  is  concern  that  such  coatings  may  degrade  the  mechanical 
properties  of  coated  hardware.  Of  particular  concern  is  a reduction  of  fatigue  resistance  in  complex  geometry  hot 
section  components  such  as  turbine  blades  and  vanes  which  experience  severe  thermal-mechanical  strain  cycling  during 
engine  service. 

The  application  of  a coating  to  the  surface  of  a material  can  have  a number  of  effects  relevant  to  the  fatigue 
properties  of  the  coating-substrate  system  (I).  For  example,  the  deformation  behavior  of  the  substrate  may  be  changed 
by  the  presence  of  a surface  layer  having  a different  elastic  modulus  and  yield  strength  from  that  of  the  substrate.  If 
the  fatigue  properties  of  the  coating  are  better  than  those  of  the  substrate,  increased  life  may  be  expected.  On  the 
other  hand,  if  the  fatigue  properties  of  the  coating  are  poorer  than  those  of  the  substrate,  cracks  in  the  coating  will 
serve  as  surface  notches  and  as  paths  for  the  hostile  environment  to  reach  the  substrate,  resulting  in  reduced  fatigue 
life.  In  general,  the  effect  )**!  a <-<>a>,"v  tias  on  the  fatigue  properties  depends  on  the  strainrange,  the  maximum  tensile 
and  compressive  strain,  temperature,  freq.  -ncy  and  the  nature  of  the  coating  itself  (I). 

The  present  study  was  undertaken  to  provide  further  insight  into  the  thermal-mechanical  fatigue  behavior  of  the 
nickel -base  superalloy  Rene'  HI)  in  the  coated  (CODER  B-l)  and  uncoated  condition.  This  involved  closed-loop,  servo- 
controlled  fatigue  testing  with  independently  programmed  temperature  control  and  strain  cycling  to  develop  baseline 
data  for  the  analysis  of  thermal  fatigue  behavior  by  the  method  of  strainrange  partitioning  (2).  Tests  were  performed  in 
air  and  in  vacuum  to  separate  the  effects  of  environmental  interactions  from  mechanical  effects  of  the  coating  on 
fatigue  behavior.  Interpretation  was  made  of  the  influence  of  thermal  cycling  on  fatigue  life  within  the  framework  of 
the  strainrange  partitioning  concept  by  correlating  microstructural  damage  with  various  types  of  reversed  inelastic 
strain  cycles  involving  reversed  and  unreversed  tensile  and  compressive  creep  deformation.  The  work  was  a cooperative 
effort  between  the  Materials  Technology  laboratory  of  TRW  Inc.  and  the  Materials  and  Structures  Division  of  the 
NASA-Lewis  Research  Center,  with  vacuum  tests  being  performed  at  TRW  and  air  testing  at  NASA.  This  paper 
presents  the  results  of  the  vacuum  fatigue  tests  performed  at  TRW. 

II  EXPERIMENTAL  PROCEDURE 


A.  Material  and  Specimens 

The  chemical  composition  of  the  Rene'  80  material  used  in  this  study  is  presented  in  Table  I of  Appendix  1. 
Tubular,  hourglass-shaped  specimens  with  threaded  ends  were  individually  cast  as  solid  round  bars  and  machined  to  the 
configuration  shown  in  Figure  I.  The  uncoated  specimens  were  heat  treated  as  follows: 

1 21 8°C  (2225°F)/2  hours  vacuum/argon  quench  to  room  temperature 

1093°C  (2000°F)/4  hours  vacuum/argon  quench  to  room  temperature 

I052°C  (l925°P)/4  hours  vacuum,  furnace  cool  in  vacuum  to  649°C  (1200°F)  within  1 hour,  air  cool  to  room 
temperature  (this  simulates  the  coating  cycle) 

843°C  (1550°P)/18  hours  vacuum/fumace  cool  to  room  temperature. 


the  most  (in uiaging  by  approximately  an  order  of  magnitude  differenee  in  number  of  eyeles  to  failure.  The  CP  and  C C 
lines  were  quite  elose  together  and  fell  between  the  PC  and  I’P  lines,  ranging  from  2/3  to  1/2  order  of  magnitude  below 
the  PP  line.  A difference  was  observed  between  the  coated  and  uneoated  materials,  however,  in  that  for  the  values  of 
inelastic  and  partitioned  inelastic  strainrange  included  in  this  study  for  uneoated  material,  the  lines  for  CP  and  CC 
approached  the  PP  line  at  the  low  strainrange  values,  figures  3b  and  3c. 

'I'he  results  of  the  tests  conducted  at  871  C (1600  * F),  Figures  3 and  8,  were  consistent  with  those  conducted  at 
1000  c ( 1832  l;)  in  that  the  aluminide  coating  had  little  effect  on  the  relative  positions  of  the  failure  lives  for  the  four 
busiest ypes  of  strainrange  components.  In  all  cases,  PP  deformation  was  the  least  damaging.  Unlike  the  IOOIcC 
(1832  F)  results,  however,  the  PC  and  CP  lines  were  both  comparable,  ranging  from  1/2  to  1 order  of  magnitude  below 
the  PP  line.  In  terms  of  total  and  inelastic  strainrange,  the  CC  results  were  somewhate  comparable  to  those  for  PC  and 
CP,  txit  the  partitioned  inelastic  strainrange  results  indicated  that  CC  was  less  damaging  than  PC  and  CP  by 
approximately  1/2  order  of  magnitude  at  the  higher  strainrange  values.  Munson  and  Halford  (6)  have  made  an  analysis 
utilizing  strainrange  partitioning  of  the  low  cycle  fatigue  data  generated  independently  by  l/>rd  and  Coffin  on  uneoated 
Itenc'  80  at  871  c (1600  !■')■  They  determined  that  the  partitioned  lives  for  the  0.0032  strainrange  at  this  temperature 
were  N 600,  N 450,  N 190  and  N 80.  With  the  exception  of  the  N t results,  these  values  agree  quite 

closely  With  the  data  presented  In  F igure  5c.  This  indicates  that  the  method  of  stra/Htange  partitioning  has  potential  us 
a unifying  framework  around  wtiich  the  many  factors  concerning  fatigue  at  elevated  temperatures  can  be  coherently 
structured. 

The  results  for  each  of  the  basic  types  of  deformation  have  been  plotted  separately  in  Figures  7 through  10  in 
terms  of  total  strainrange  versus  observed  cycles  to  failure  and  partitioned  inelastic  strainrange  versus  life  relationhip 
computed  using  the  interaction  damage  rule  (5).  For  each  of  these  plots,  a least  squares  fit  was  made  of  all  of  the  data. 
These  least  squares  lines  suggest  that,  for  all  four  basic  types  of  deformation,  there  was  little  difference  between 
coated  and  uneoated  material  at  IOOICC  (I832°F)  and  87I°C  (1600°F)  and  further,  there  was  little  effect  of 
temperature  on  the  fatigue  results.  These  results  were  not  unexpected  in  that  the  ultrahigh  vacuum  test  atmosphere 
nullified  the  effect  of  oxidation  behavior,  thus  minimizing  possible  differences  in  fatigue  behavior. 

To  summarize  these  fatigue  results  more  clearly,  the  least  squares  lines  shown  in  Figures  7 through  10  are 
included  in  the  composite  plot  of  Figure  II.  These  results  indicate  that  PP  deformation  resulted  in  the  least  damaging 
type  of  cycling.  When  a time-dependent  creep  component  was  introduced  into  the  cycle,  however,  an  effect  was 
observed  which  was  dependent  upon  which  portion  of  the  cycle  contained  the  creep  component.  The  PC  type  of 
deformation,  in  which  creep  was  introduced  in  the  compressive  portion  of  the  cycle,  was  most  damaging,  resulting  in 
failure  lives  one  order  of  magnitude  below  those  for  PP  deformation.  The  CP  type  deformation,  in  which  creep  was 
introduced  in  the  tensile  portion  of  the  cycle,  resulted  in  failure  lives  slightly  higher  than  those  for  PC,  i.e.,  slightly  less 
tlian  an  order  of  magnitude  below  those  for  PP.  The  least  damaging  of  the  creep  type  cycling  was  CC,  in  which  creep 
occurred  both  in  the  tensile  and  compressive  portions  of  the  cycle.  It  resulted  in  failure  lives  approximately  1/2  an 
order  of  magnitude  below  those  for  PP. 

The  results  for  the  1 1 ' tests  conducted  at  a number  of  different  temperatures  on  uneoated  material  in  a poorer 

vacuum  (approximately  10  torr)  are  shown  in  Figure  12.  This  figure  contains  a plot  of  total  strainrange  versus 
observed  cycles  to  failure  and  a plot  of  inelastic  strainrange  versus  observed  cycles  to  failure.  No  tests  were  conducted 
under  these  conditions  at  871  V:  (160(1  F),  but  the  least  squares  lines  from  Figure  5 for  the  ultrahigh  vacuum  tests  have 
been  included  for  comparative  purposes.  The  results  for  inelastic  strainrange  indicate  a decrease  in  fatigue  life  as 
temperature  is  reduced.  It  has  been  generally  acknowledged  that,  in  the  absence  of  time-dependent  deformation 
(creep),  a material's  ductility  will  be  an  indicator  of  its  relative  fatigue  resistance,  with  a decrease  in  ductility  usually 
resulting  in  a ^crease  in  fatigue  life  (7).  Ductility  results  for  east  Rene'  80  indicate  a decrease  with  temperature  from 
1000  C (1832  F)  (8).  Thus,  the  inelastic  strainrange  results  for  Rene'  8(1  do  reflect  the  decrease  in  fatigue  life  with 
decreasing  ductility. 

It  Microstructural  Observations 


All  the  fatigue  specimens  failed  within  the  hourglass  areas.  There  was  no  evidence  of  the  ^>ecimen  geometry 
change  kimwn  as  "barrelling,"  which  is  characterized  by  an  increase  in  specimen  diameter  adjacent  to  the  center  of  the 
original  hourglass  configuration.  This  effect  has  been  observed  in  304  stainless  steel  (9,10)  and  tantalum-base  materials 
(3,4).  Metallographic  examination  was  conducted  on  selected  specimens  and  included  light  and  scanning  electron 
microscopy  to  aid  in  the  interpretation  of  the  fatigue  results.  The  results  indicated  that  microstructural  damage  varied 
with  cycle  type,  test  temperature  and  surface  condition  (coated  versus  uneoated),  Figures  1.3  through  18. 

Specimens  tested  with  the  PP  type  deformation  (HKSK  tests)  exhibited  primarily  a transgranular  fracture  mode 
for  all  test  temperatures  and  surface  conditions.  This  is  a common  fracture  mode  for  materials  tested  at  high 
frequencies  wliere  creep  deformation  is  negligible.  This  fracture  mode  reflects  the  fact  that  the  PP  deformation 
resulted  in  the  highest  fatigue  lives.  Transgranular  crack  propagation  in  a highly  alloyed  cast  nickel-base  superalloy 
such  as  Rene'  80  is  retarded  by  the  heavy  matrix  precipitation  of  the  gamma-prime  strengthening  phase.  For  uneoated 
specimens,  grain  boundary  areas  at  the  jpeeimen  surface  were  common  crack  initiation  sites,  with  the  cracks  becoming 
transgranular  after  a short  distance,  Figure  13a.  Crack  initiation  was  also  observed  at  grain  boundary  microporosity, 
Figure  13b.  After  initiation  in  the  grain  boundary  region,  these  cracks  become  transgranular.  For  coated  specimens, 
considerable  numbers  of  coating  cracks  were  observed  leading  to  transgranular  crack  propagation,  Figure  14.  Since  the 
fatigue  results  for  the  PP  type  tests,  Figure  7,  indicated  no  appreciable  differences  in  failure  times  as  a function  of 
surface  condition,  the  presence  of  the  aluminide  coating  and  its  attendant  cracks  did  not  degrade  the  PP  fatigue  life  of 
this  alloy. 

Specimens  tested  with  the  PC  type  deformation  (CCOR  tests)  exhibited  a predominantly  intergranular  fracture 
mode.  In  general,  intergranular  crack  initiation  and  propagation  occur  at  a faster  rate  than  transgranular  cracking  in 
nickel-base  superalloys,  and  the  presence  of  this  fracture  mode  in  PC  specimens  suggests  why  tills  type  of  strain  cycling 
resulted  in  lower  fatigue  lives  than  the  PP  type.  At  I000°C  (I832°F),  there  was  considerable  evidence  of  grain 
boundary  sliding  which  took  place  during  the  compressive  (creep)  portion  of  the  cycle  resulting  in  steps  or  grain 
extrusions  along  the  sides  of  the  •ficcimens.  Kxa mples  of  these  extrusions  are  ^hown  in  Figure  15  for  the  uneoated 
material  and  Figure  16  for  the  coated  material.  Specimens  tested  at  871°C  (1600  F)  did  not  exhibit  the  extent  of  grain 
boundary  sliding  seen  at  I000°c  (I832°F).  Considerable  numbers  of  surface  cracks  were  observed  in  the  coated 
specimens,  but  the  presence  of  the  aluminide  coating  and  its  attendant  cracks  did  not  degrade  the  PC  fatigue  life  of  this 
alloy  (Figure  8). 


I -I 


Specimens  tested  witii  the  OP  type  deformation  (TOOK  tests)  exhibited  primarily  an  intergranular  type  of  fracture 
mode  both  at  100(00  (1832°F)  and  87  0 0 (1600  P),  Figure  17.  Unlike  materials  such  as  iron  base  alloy  A-286  and  304  J 

stainless  steel,  which  exhibit  intergranular  fracture  resulting  from  internal  grain  Ixjundary  "decohesion"  as  a 
consequence  of  CP  cycling  (9,10),  specimens  of  Kene'  80  studied  in  the  present  investigation  usually  exhibited  some 
form  of  surface  grain  (joundary  cracking  into  the  specimen.  High  magnification  SKM  analyses  of  Kene'  80  specimens 

revealed  no  internal  grain  boundary  "decohesion"  or  cavitation  in  this  alloy.  In  addition,  the  CP  specimens  did  not  S 

exhibit  the  grain  boundary  sliding  observed  in  the  PC  specimens,  and  this  may  explain  why  the  CP  failure  lives  were 
slightly  higher.  The  presence  of  numerous  coating  cracks  did  not  result  in  an  appreciable  degradation  in  CP  fatigue  life, 

Figure  9. 

Specimens  tested  with  the  CC  type  deformation  (UCCR  tests)  exhibited  different  fracture  modes  <|ependineon  the 
test  temperature.  At  l(100°C  (1 832  r),  the  fracture  mode  was  primarily  intergranular,  while  at  871  O (1600  P)  the 

fracture  mode  was  transgranular.  Kxamples  of  these  various  modes  are  shown  in  Figure  18.  There  was  no  evidence  of  _ 

grain  boundary  extrusion  at  the  specimen  surface  or  of  internal  grain  boundary  decohesion  or  cavitation  in  these 

specimens. 

C.  Smplementary  Mechanical  Property  Tests 

The  results  of  the  supplemental  vacuum  tensile  and  creep  up^ure  testes  are  presented  in  Tables  2 and  3.  The 
ultimate  tensile  strengths  obtained  in  the  supplementary  tests  at  1000  C (1832  P)  were  much  higher  than  that  shown  for 

this  material  in  Table  111  of  Appendix  1 because  of  the  considerably  higher  strain  rate  (equivalent  to  1.0  Hz)  used  in  the 

supplementary  tests. 

VI  SUMMARY 

The  results  of  ultrahigh  vacuum,  low  cycle  fatigue  tests  conducted  on  uncoated  and  COI1KP  B-l  aluminide  coated 
specimens  of  Kene'  80  nickel-base  superalloy  at  100  On  (I832°P)  and  871°C  (1600°P)  indicated  little  effect  of  coating 
or  temperature  on  the  fatigue  properties.  There  was,  however,  a significant  effect  on  fatigue  life  as  a function  of 
strain  cycle  type.  The  method  of  strainrange  partitioning  offers  an  appropriate  framework  around  which  to  correlate 
the  effects  of  these  strain  cycle  types.  In  terms  of  partitioned  inelastic  strainrange,  the  completely  reversed  plasticity 

type  of  strain  cycling  (PP)  resulted  in  the  highest  fatigue  lives.  When  a time-dependent  creep  component  was  t 

introduced  into  the  cycle,  an  effect  was  observed  which  was  dependent  upon  which  portion  of  the  cycle  contained  the  i 

creep  component.  When  creep  was  introduced  in  the  compressive  portion  of  the  cycle  (PC),  failure  lives  were 

approximately  one  order  of  magnitude  below  those  for  PP  deformation.  When  creep  was  introduced  in  the  tensile 

portion  of  the  cycle  (CP),  failure  lives  were  slightly  higher  than  those  for  the  PC  deformation,  i.e.,  slightly  less  ttian  an 

order  of  magnitude  below  those  for  PP.  The  least  damaging  of  the  creep  type  cycling  was  CC,  in  which  creep  occurred 

both  in  the  tensile  and  compressive  portions  of  the  cycle  resulting  in  failure  lives  approximately  1/2  order  of  magnitude 

below  those  for  PP. 

Metallographic  evaluation  indicated  that  microstructural  damage  varied  with  cycle  type  and  test  temperature. 

Specimens  tested  with  the  PP  type  deformation  exhibited  primarily  a transgranular  fracture  inode.  Specimens  tested 
with  the  PC  type  deformation  exhibited  a predominantly  intergranular  fracture  mode.  At  1000°C  (1832°F),  there  was 
considerable  evidence  of  grain  boundary  sliding  which  took  place  during  the  compressive  (creep)  portion  o£  the  cycle 
resulting  in  steps  or  grain  extrusions  along  the  sides  of  the  specimens.  Specimens  tested  at  87i  C (I600°F)  did  not 
evidence  the  same  extent  of  grain  boundary  extrusion.  Specimens  tested  with  the  CP  type  deformation  exhibited  an 
intergranular  type  of  fracture  mode  at  both  test  temperatures.  Specimens  tested  withQ  the  CC  type  deformation 
exhibited  different  fracturg  modes  depending  on  the  test  temperature.  At  1001)°C  (1832°F),  the  fracture  mode  was 
intergranular,  while  at  871°C  (I600°F),  the  fracture  mode  was  transgranular.  At  both  test  temperatures,  considerable 
evidence  of  surface  cracking  was  observed  in  coated  specimens  for  all  the  types  of  strain  cycling. 

V KKPKKKNCPS 

1.  M.  (Jell  and  G.  K.  hevcrant,  "Mechanisms  of  High-Temperature  Fatigue,"  Fatigue  at  Elevated  Temperatures, 

A STM  STP  520,  A STM,  1973,  pp.  37-67. 

2.  S.  S.  Manson,  (J.  It.  Halford,  and  M.  H.  Hirschberg,  "Creep- Fatigue  Analysis  by  Strainrange  Partitioning,"  Design 
for  Elevated  Temperature  Fjivironment,  American  Society  of  Mechanical  F-ngineers,  197),  pp.  12-24. 

3.  K.  I).  Sheffler  and  (J.  S.  Doble,  TRW  Inc.,  "Influence  of  Creep  Damage  on  the  Ixiw  Cycle  Thermal-Mechanical 
Fatigue  Hehavior  of  Two  Tantalum  Base  Alloys,"  1972,  NASA  Report  No.  N AS-CR-1 2 1 001 , TRW  Report  No.  FJK- 
7592. 

4.  K.  D.  Sheffler  and  G.  S.  Doble,  '"Thermal  Fatigue  Behavior  of  T- 111  and  ASTAR  811C  in  Ultrahigh  Vacuum," 

Fatigue  at  Elevated  Temperatures,  ASTM  STP  520,  ASTM,  1973,  pp.  491-499. 

5.  S.  S.  Manson,  "The  Challenge  to  Unify  Treatment  of  High  Temperature  Fatigue  A Partisan  Proposal  Based  on 
Strainrange  Partitioning,”  Fatigue  at  Elevated  Temperatures,  ASTM  STP  520,  ASTM,  1973,  pp.  744  782. 

6.  S.  S.  Manson  and  G.  K.  Halford,  Discussion  appearing  in  Journal  of  Pressure  Vessel  Technology,  Trans.  ASM K, 

February  1976,  p.  83,  of  paper  by  J.  T.  Fong,  "Knergy  Approach  Tor  Creep-Fatigue  Interactions  in  Metals  at  High 
Temperature,"  Journal  of  Pressure  Vessel  Technology,  Trans.  ASMK,  Vol.  96,  Series  J,  No.  3,  August  1975,  p.  214. 

7.  S.  S.  Manson,  "Fatigue:  A Complex  Subject-Some  Simple  Approximations,"  Experimental  Mechanics,  Vol.  5,  No.  7, 

July  1965,  pp.  193-226. 

8.  I,.  J.  Frit/.,  Metcut  Research  Associates,  Inc.,  "Tensile  and  Creep-Rupture  Properties  of  Kngineering  Alloys  at 

Elevated  Temperatures,"  Report  prepared  under  Contract  NAS-3  18911  for  NASA  Lewis  Research  ('enter,  j 

Cleveland  Ohio  44135.  ; 


9. 


K.  I).  Sheffler,  TRW  Inc.,  "Vacuum  Thermal-Mechanical  Fatigue  Testing  of  Two  Iron  Base  High  Temperature 
Alloys,"  1974,  NASA  Report  No.  N AS-CK  1 3424,  TRW  Report  No.  KR-7696. 


I -S 


10.  K.  I).  Sheffler,  "Vacuum  Thermal-Mechanical  Fatigue  Behavior  of  Two  Iron  Base  Alloys,"  Thermal  Fatigue  of 
Materials  anti  Components,  ASTM  SI  F HI 2,  I).  A.  Spera  and  I).  F.  Mowhray,  eds.,  ASTM,  1976,  pp.  2l4-J2fi. 

Acknowledgments 

This  work  was  performed  in  the  Materials  Technology  laboratory  of  TRW  Inc.  under  the  financial  sponsorship  of 
the  U.S.  Army  Air  Mobility  Research  and  Development  Laboratory  for  the  National  Aeronautics  and  Space 
Administration,  Contract  NAS-3-17830.  The  project  manager  for  NASA  was  Dr.  fi.  R.  Halford  of  the  Lewis  Research 
Center.  The  experimental  work  was  performed  by  Mr.  J.  W.  Sweeney  of  TRW  Inc. 

TABLE  I 


MODULUS  OF  ELASTICITY  USED  TO  CALCULATE  ELASTIC  STRAIN  IN 
LOW  CYCLE  FATIQUE  TESTS  CONDUCTED  IN  THIS  FROORAM  (I) 

Test  Temperature  Modulus  of  Elasticity,  10  * MPa 


_v 

°F 

Roo  m 

Room 

206.7 

204 

400 

198.4 

538 

1000 

181.1 

649 

1200 

174.4 

760 

1400 

166.5 

871 

1600 

156.9 

1 000 

1832 

144.1 

(1)  Modulus  of  elasticity  data  obtained  from  General  Electric  Co.  Aircraft  Engine 
Group,  Materials  Data  Unit,  Cincinnati,  Ohio  45215,  October  8,  1974. 

TABLE  2 

SUPPLEMENTARY  TENSILE  PROPERTIES  OF  RENE'  80  MATERIAL 

USED  IN  TWS'PttOCRAM 


Test 

>erature 

ZL 

Yield  Strength 
at  0.2%  Offset 
MPa 

Ultimate  Tensile 
Strength 

MPa 

Reduction 
of  Area 
% 

Uneoateri  Specimens 

871 

1600 

547 

736 

27.5 

871 

1600 

530 

768 

30.1 

1000 

1832 

236 

429 

33.5 

1000 

1832 

230 

423 

32.8 

Coated  Specimens 

871 

1600 

575 

761 

27.8 

871 

1600 

552 

786 

20.8 

1 000 

1832 

230 

465 

29.7 

1000 

1832 

234 

483 

31.2 

TABLE  3 

SUPPLEMENTARY  CREEP  RUPTURE  PROPERTIES  OF  RENE’  80  MATERIAL 

ifSF.r)  IN  THIS  PRtViRAM 


Test 

Temperature 

Applied  Stress 

MPa 

Rupture  Life 
Hours 

Reduction 
of  Area 
% 

871 

1600 

Uncoated  Specimens 

345  2.1 

31.0 

871 

1600 

241 

84.8 

23.0 

1000 

1832 

207 

0.7 

29.7 

1000 

1832 

172 

1.0 

31.1 

1000 

1832 

103 

48.7 

29.5 

1000 

1832 

103 

52.6 

32.1 

< 'on  tod  Specimens 


871 

1600 

345 

9.4 

28.3 

871 

1600 

310 

66.6 

20.6 

1000 

1832 

159 

15.4 

29.6 

1000 

1832 

103 

60.0 

31.1 

1000 

1832 

103 

21.6 

35.1 

Figure  I.  Fatigue  test  specimen 
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Figure  2.  Idealized  hysteresis  loops  for  the  four  basic  types 
of  Inelastic  stralnrange. 


Figure  J.  Rene'  80  Fetlgue  Test  Results  at  IOOO*C  (I832*F)  and  87)*C  (I600*F) 

for  Uncoated  and  Coated  Specimens  Tested  with  the  Type  Deformation. 
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a)  Surface  Grain  Boundary  Crack  Initiation  with  Crack 

Branching  Off  Into  Matrix  Region,  800X  Magnification. 


b)  Grain  Boundary  Porosity  Crack  Initiation  with  Crack 
Branching  Off  Into  Matrix  Region,  400X  Magnification. 
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Figure  13* 


Light  photomicrographs 
I 000°C  (I832°F),  1.033 
Failure  occurred  after 


of  fatigue  specimen  8U-PP-7.  tested  at 
Hz,  total  strainrange  of  0.002^7. 

22, US  cycles.  Fry’s  etch. 
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bj  Coated  specimen  62C-CP-I,  tested  at  871°C  (I600“F),  total  stralnrange  of 
0.00995,  150  cycles  to  failure. 


Figure  17.  Light  photomicrographs  of  Intergranular  fracture  mode  In  specimens 

tested  with  the  CP  type  deformation.  Fry's  etch.  I00X  magnification. 


a)  Intergranular  Fracture  Mode  in  Coated 
Specimen  68C-CC-I,  Tested  at  I000°C 
(I032°F),  .01135  Total  Stralnranye, 

17  Cycles  to  Failure  I00X 


b)  Transgranular  Fracture  Mode  In  Coated 
Specimen  69C-CC-2,  Tested  at  871 “C 
(I600°F),  .01005  Total  Stralnrange, 
108  Cycles  to  Failure.  500X 


Figure  18.  Light  Photomicrographs  Showing  Examples  of  Fracture  Modes  for  Specimens 
Tested  with  the  CC  Type  Deformation.  Fry's  etch. 
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ABSTRACT 

A study  has  been  made  to  assess  the  ability  of  the  method  of 
Strainrange  Partitioning  (SRP)  to  both  correlate  and  predict  high- 
temperature,  low-cycle  fatigue  lives  of  nickel-base  superalloys 
for  gas  turbine  applications.  Baseline  data  from  st rai n-control led , 
low-cycle  fatigue  tests  are  expressed  in  terms  of  the  PP,  PC,  CP, 
and  CC  partitioned  inelastic  strainiange  versus  life  relationships 
for  coated  and  uncoated  Rene'  80  at  1000°C,  Gator i zed (creep-formed) 
IN  100  at  760°C , and  cast  IN  100  at  925°C.  SRP  is  shown  to  corre- 
late the  cyclic  lives  of  the  baseline  tests  to  within  factors  of 
nearly  two. 

The  partitioned  strainrange  versus  life  relationships  for 
uncoated  Rene'  80  and  cast  IN  100  have  also  been  determined  from 
the  Ductility  Norma  I i zed-St ra i nrange  Partitioning  (DN-SRP)  equa- 
tions. These  were  used  to  predict  the  cyclic  lives  of  the  base- 
line tests.  Predicted  and  observed  cyclic  lives  agreed  to  within 
factors  of  nearly  three. 

The  life  predictability  of  the  method  is  also  verified  for 
cast  IN  100  by  applying  the  baseline  results  to  the  cyclic  life 
prediction  of  a series  of  complex  strain-cycling  tests  with 
multiple  hold  periods  at  constant  strain.  Predictions  were 
within  factors  of  two  in  cyclic  life. 

It  is  concluded  that  the  method  of  SRP  can  correlate  and 
predict  the  cyclic  lives  of  laboratory  specimens  of  the  nickel- 
base  superalloys  evaluated  in  this  program. 


INTRODUCTION 

Strainrange  Partitioning  (SRP)  is  a method  for  dealing  with  high-temperature  low-cycle  fatigue  fail- 
ures of  metallic  materials.  Introduced  in  1971  by  Manson,  Halford,  and  Hi rschberg  (Ref.  1)  of  the  NASA- 
Lewis  Research  Center,  it  has  been  undergoing  continual  development  since  then.  To-date,  over  50  tech- 
nical papers  have  been  written  on  various  aspects  of  the  method.  As  a result,  new  dimensions  in  under- 
standing, refinement  of  procedures,  extension  to  new  app I icat ions , or  simply  more  laboratory  specimen 
data  for  a variety  of  important  engineering  alloys  have  been  added.  Professor  Manson,  in  his  introductory 
paper  (Ref.  2)  to  this  Specialists  Meeting,  reviews  the  highlights  of  many  of  these  past  achievements 
and  points  to  worthy  areas  for  future  exploration. 

Although  considerable  experience  has  been  gained  with  the  use  of  the  method  of  SRP  at  the  laboratory 
level  over  the  past  7 years,  it  seems  likely  that  more  will  be  required  before  the  method  can  be  used 
with  confidence  in  the  design  of  aeronautical  gas  turbine  hardware  and  other  h i gh- temperature , high  per- 
formance equipment.  This  AGARD  Specialists  Meeting  thus  represents  a significant  milestone  in  the  devel- 
opment of  the  method  because  of  the  large  number  of  independent  laboratories  that  are  reporting  on  their 
experiences  with  its  use  at  the  laboratory  level  of  evaluation. 

Owing  to  the  nature  of  this  Specialists  Meeting,  it  is  assumed  that  the  reader  is  familiar  enough 
with  the  basic  concepts  and  terminology  associated  with  the  method  of  SAP  that  a review  is  not  required 
herein.  If  additional  background  is  needed,  references  1 to  5 should  be  consulted.  However,  certain 
words  are  used  frequently  throughout  this  paper  which  are  best  defined  at  the  outset  so  that  the  reader 
has  a better  understand i ng  of  the  context  in  which  they  are  used. 

Baseline  - Refers  to  the  h i gh- temperature , low-cycle  fatigue  tests  and  results  used  directly  in  the 
establishment  of  the  four  SRP  inelastic  strainrange  versus  life  relationships. 

Ver i f icat ion  - Refers  to  the  non-baseline  high- temperature , low-cycle  fatigue  tests  and  results  used 
to  check  how  well  the  established  SRP  life  relationships  can  be  used  to  predict  cyclic  lives. 

Correlation  - Refers  to  how  well  the  equations  of  the  established  SRP  life  relationships  represent 
the  individual  baseline  data.  The  smaller  the  deviation  of  the  baseline  data  from  the  equa- 
tions, the  better  the  correlation. 
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Prediction  - Refers  to  how  well  the  equations  of  the  established  SRP  life  relat ionships  represent 
the  verification  test  results.  The  smaller  the  deviation  of  the  verification  data  from  the 
equations,  the  better  the  predictability.  Since  the  Ductility  Norma  I i zed-St ra i n range  Par- 
titioning (DN-SRP)  life  re lat ionships  (Ref. 6)  did  not  use  any  information  from  the  baseline 
tests,  it  is  considered  that  predictions  of  the  baseline  results  are  being  made  when  using 
the  DN-SRP  equations.  These  equations  can  also  be  used  to  predict  the  verification  results. 

The  objectives  of  this  paper  were  to  determine  how  well  the  metnod  of  SRP  can  both  cor  re  I ate  and 
pred i ct  the  h i gh- temperature , low-cycle  fatigue  lives  of  specimens  of  advanced  gas  turbine  alloys. 

Two  nickel-base  superalloys  were  selected  for  this  purpose:  Rene'  80  with  and  without  an  aluminide 
(Codep  B-l)coating,  and  IN  100  in  the  Gatorized  (creep- formed) and  cast  conditions.  The  four  par- 
titioned inelastic  strainrange  versus  life  relat ionships  (PP,  PC,  CP,  and  CC)  were  established  for 
each  alloy  condition  using  a series  of  baseline  stress-hold,  st ra i n- I im i ted  tests  to  introduce 
creep  strains  into  the  cycles.  In  addition,  an  evaluation  was  made  of  how  well  the  life  relations 
could  be  determined  by  the  recently  proposed  DN-SRP  equations. 


A limited  nunber  of  verification  tests  were  also  performed  with  specimens  of  cast  IN  100  using  a 
series  of  complex  strain  cycles  involving  multiple  periods  of  constant  strain  hold  which  introduced  creep 
through  the  process  of  relaxation.  The  verification  tests  were  used  to  evaluate  the  predictab 1 1 1 ty  of 
the  SRP  method. 


EXPERIMENTAL  DETAILS 

The  high-temperature,  low-cycle  fatigue  test  results  were  obtained  in  the  fatigue  laboratory  of  the 
NASA-Lewis  Research  Center  using  closed-loop,  servo-controlled,  electro-hydraulic  testing  machines. 
Hirschberg  has  described  this  facility  in  detail  in  Ref.  7.  Testing  was  performed  in  a still  air  envi- 
ronment using  axially  loaded  specimens  with  diametral  extensomet ry . 

Specimens,  Materials,  and  Temperature* 

Two  specimen  geometries  were  employed,  the  tubular,  hour-glass  shaped  specimens  described  in  Ref.  7, 
and  a smaller,  solid  hour-glass  shaped  specimen  with  a minimum  test  section  diameter  of  5 mm  and  a 40  mm 
hour-glass  radius.  Threaded  ends  were  provided  for  gripping.  Overall  length  was  75  mm.  Two  nickel-base 
superalloys  were  studied,  each  in  two  different  conditions;  cast  Rene'  80  with  and  without  an  aluminide 
coating,  and  IN  100  in  the  Gatorized  and  cast  conditions.  The  chemical  compositions,  processing  and  heat 
treatment,  and  mechanical  properties  at  room  temperature  and  the  elevated  temperature  of  interest  for 
each  alloy  are  presented  in  Tables  I,  II,  and  III  respectively  of  Appendix  1. 

Rene ' 80  - The  Rene'  80  specimens  were  supplied  by  TRW,  Inc.  under  contract  to  NASA  (Ref.  8).  Enough 
specimens  were  prepared  at  the  time  for  the  testing  program  conducted  in  air  and  reported  in  this  paper, 
and  for  the  vacuum  program  conducted  at  TRW,  Inc.  and  reported  upon  at  this  Specialists  Meeting  by 
Kortovich  and  Sheinker  (Ref.  9).  The  intent  of  the  air  and  vacuum  programs  was  to  establish  a data  base 
for  assessing  the  effects  of  environment  and  protective  coatings  on  the  h i gh-ternperature  low-cycle  fa- 
t i gue  behavior  of  Rene'  80.  The  specimens  were  cast  as  individual  solid  bars  and  were  subsequently 
machined  to  the  tubular  hour-glass  shape.  Half  of  the  specimens  were  left  uncoated  and  the  remainder 
coated  with  an  aluminide  (Codep  B-l)  coating.  Details  of  the  coating  process  can  be  found  in  Ref.  8. 

The  coating  thickness  was  approximately  0.05  mm.  The  stress  and  strain  calculations  for  the  coated 
specimens  were  based  upon  their  room  temperature  dimensions  prior  to  the  application  of  the  coating,  i.e., 
it  was  assumed  that  the  coating  carried  none  of  the  applied  load  at  the  test  temperature  of  1000°C. 

Gatorized  IN  100  - IN  100  was  tested  in  the  Gator i zed (creep- formed)cond i t ion.  Small  solid  specimens  of 
this  alloy  were  machined  from  a segment  of  a gas  turbine  disk  (provided  by  Pratt  & Whitney  Aircraft, 
Florida)  that  had  been  creepformed  by  the  Gatorizing  process. 

The  exact  chemical  composition,  processing  heat  treatment,  and  mechanical  properties  are  not  known, 
although  this  batch  of  material  would  be  expected  to  be  similar  to  the  Gatorized  IN  100  material  reported 
on  at  this  Specialists  Meeting  by  VanWanderham,  Wallace,  and  Annis  (Ref.  10)  of  Pratt  & Whitney  Aircraft, 
Florida.  Tests  were  conducted  at  760°C. 

Cast  IN  100  - Tubular,  hour-glass  shaped  specimens  of  IN  100  were  individually  cast  to  near  final  dimen- 
sions. Approximately  0.2  mm  thickness  of  material  was  machined  from  the  inside  and  outside  diameters  to 
t produce  the  finished  test  section  dimensions.  No  heat  treatment  was  applied  to  the  cast  specimens.  Tests 

were  conducted  at  925°C. 


SRP  Test  Procedures 

The  high-temperature,  low-cycle  fatigue  tests  were  performed  using  the  procedures  recommended  by 
Hirschberg  and  Halford  (Ref.  5).  Schematic  stress-strain  hysteresis  loops  are  shown  in  Figs.  1(a)-(d)for 
the  types  of  cycles  used  in  conducting  the  baseline  tests  to  establish  the  four  SRP  life  relationships. 
The  strain-controlled  PP  type  test  cycles  (Fig.  l(a))were  applied  using  either  a triangular  or  sinusoidal 
strain  versus  time  waveform  at  a frequency  of  0.5  to  1.0  Hz.  In  analyzing  the  results  of  the  PP  type 
tests,  it  was  assumed  that  the  imposed  strain  rates  were  high  enough  to  preclude  the  occurrence  of  creep 
strain,  thus  producing  inelastic  strains  that  could  be  classified  as  plasticity.  For  the  PC,  CP,  and  CC 
type  cycles,  the  creep  strain  was  imposed  by  controlling  the  load  on  the  specimen  at  a constant  value 
until  the  desired  creep  strain  limit  was  reached,  whereupon,  the  loading  direction  was  reversed  and  the 
other  half  of  the  cycle  was  imposed.  If  it  was  desired  to  impose  creep  strain  in  this  portion  of  the 
cycle,  the  load  was  again  held  at  a constant  value  until  the  desired  opposite  creep  strain  limit  was  at- 
tained, or  if  plasticity  was  desired,  the  specimen  was  rapidly  loaded  until  the  opposite  strain  limit  was 
reached.  The  time  required  for  the  plasticity  portion  of  the  cycle  was  on  the  order  of  0.5  to  2.0 
seconds. 
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Since  one  of  the  objectives  of  the  program  was  to  verify  the  predictive  capability  of  SRP,  a series 
of  verification  tests  was  performed  which  featured  test  cycles  quite  different  from  those  used  in  the 
baseline  tests  for  establishing  the  SRP  life  relations.  The  type  of  cycle  selected  contained  periods  of 
constant  strain  during  which  creep  strain  accumulated  through  the  process  of  stress  relaxation.  Stress 
relaxation  is,  of  course,  a frequently  encountered  condition  in  many  high-temperature  thermal  fatigue 
problems.  From  the  point  of  view  of  interpretation  by  SRP,  creep  strain  accumulated  either  by  stress 
relaxation  or  by  direct  constant  stress  creep  is  equally  damaging. 

A schematic  representat ion  of  the  verification  test  cycle  is  shown  in  Fig.  2 for  the  case  of  the 
multiple  tensile  relaxation  cycle  (MTRC).  A duplicate  series  of  tests,  but  with  a multiple  compressive 
relaxation  cycle  (MCRC)  was  also  performed.  The  essential  advantage  of  this  type  of  cycle  is  that  a 
considerable  amount  of  creep  strain  can  be  accumulated  for  a fixed  time  per  cycle.  For  the  present  case, 
the  total  amount  of  creep  strain  encountered  with  three  hold  periods  of  nearly  two  minutes  each  was  about 
twice  that  which  could  have  been  obtained  with  a single  hold  period  of  six  minutes  at  the  peak  strain. 

The  short  hold  period  of  a few  seconds  at  the  one  extreme  of  the  strain  cycle  was  introduced  as  a matter 
of  testing  convenience  only.  The  fact  that  a component  of  completely  reversed  creep  strain  (CC)  was  in- 
troduced was  taken  into  account  when  partitioning  the  inelastic  strainranges  and  predicting  the  lives  of 
these  tests. 


RESULTS  AND  DISCUSSION 
Baseline  SRP  Evaluation 

A complete  listing  of  the  baseline  h i gh- temperature , low-cycle  fatigue  data  generated  in  this  pro- 
gram is  given  in  Table  IV  of  Appendix  1 for  each  of  the  alloy  conditions  investigated.  Sufficient  infor- 
mation is  included  to  perform  a thorough  SRP  evaluation,  or  if  so  desired,  an  interpretation  of  the 
results  in  terms  of  other  high-temperature,  low-cycle  fat i gue  approaches  such  as  those  described  in  Refs. 
11-17.  The  four  SRP  life  re  I at ionsh i ps  for  each  alloy  condition  were  established  following  the  proce- 
dures described  in  Ref.  S.  Each  life  relationship  was  expressed  in  terms  of  a power  law  equation  relat- 
ing the  inelastic  strainrange  and  cyclic  life.  The  coefficients  and  exponents  were  determined  using  a 
least  squares  curve  fit  technique.  The  resultant  life  relationships  are  presented  in  Figs.  3,  4 , and  5 
for  Rene'  80 , Gatori/ed  IN  100,  and  cast  IN  100  .respect ively. 

Rene 1 80  - Cursory  examination  of  the  data  for  coated  Rene'  80  and  comparison  with  the  uncoated  results 
did  not  reveal  significant  differences.  Hence,  the  PP,  PC,  CP,  and  CC  life  re  I at ionsh i ps  were  established 
for  the  comb i ned  data  set.  The  least  squares  curve  fit  SRP  life  re  I at ionsh i ps  for  Rene'  80  at  1000°C  are 
presented  in  Figs.  3(a)-(e)  and  are  listed  below: 


Rene 1 80 
1000°C 


Least  Squares  Fit 


Atpp  = 0.062(Npp)"0<51 
Acpc  = 0.116(NPC)'0'M 
Ae  = 0.034(NCp)'0-45 
accc  = 0.051(ncc)'M9 


EQ(1) 


Because  the  scatter  in  the  data  is  nearly  a factor  of  two  in  life(see  for  example,  the  PP  results  in 
Fig.  3(a)),  the  least  squares  curve  fits  should  not  be  extrapolated  much  beyond  the  current  range  of  data. 
The  assumption  that  the  coated  and  uncoated  data  could  be  considered  to  be  of  the  same  population  is  borne 
out  in  Fig.  3(f)  where  it  can  be  seen  that  coated  and  uncoated  results  are  evenly  distributed  above  and 
below  the  central  45  degree  perfect  agreement  line.  Life  differences  between  coated  and  uncoated  specimens, 
however,  may  become  important  when  the  life  times  become  significantly  greater  than  those  involved  in  the 
current  program.  Techniques  for  anticipating  potential  differences  will  be  discussed  in  a later  section. 

As  seen  from  Fig.  3(e),  the  four  SRP  life  relationships  for  Rene'  80  do  not  exhibit  appreciable 
differences  over  the  range  of  variables  studied.  The  PC,  CP,  and  CC  lives  do  not  differ  by  more  than  a 
factor  of  two  from  the  PP  life  at  any  given  strainrange.  This  feature  should  be  considered  as  a virtue 
of  the  Rene'  80  alloy.  The  al loy,  as  most  recent  cast  nickel-base  superalloys,  has  been  tailored  to 
resist  creep,  principally  by  strengthening  the  grain  boundaries  so  as  to  resist  grain  boundary  sliding. 

Thus,  not  only  is  the  alloy  resistant  to  convent iona I /mono ton  I c c reeprupture , it  is  also  resistant  to 
creep  introduced  in  cyclic  straining  tests  such  as  those  reported  upon  in  this  paper.  This  behavior  is  in 
sharp  contrast  to  that  exhibited  by  some  other  alloys  that  also  see  service  at  temperatures  within  their 
creep  regime.  For  example,  the  austenitic  stainless  steels  (which  are  susceptible  to  grain  boundary 
sliding  during  creep)exh ib i t PP  and  CP  lives  that  differ  by  a factor  of  20  for  the  same  inelastic  strain- 
range  (Ref.  3). 

Although  the  inelastic  strainrange  versus  life  relationships  for  Rene'  80  at  1000°C  do  not  show  a 
strong  dependency  on  creep,  the  relationship  between  total  strainrange  and  cyclic  life  can  be  drastically 
influenced  by  creep.  This  is  especially  true  at  low  st ra Inranges . The  reason  for  this  is  simple.  The 
total  strainrange  consists  of  the  sum  of  the  elastic  and  inelastic  strainranges.  The  introduction  of 
creep  strain  is  done  at  the  expense  of  elastic  strain,  and  hence,  the  qreater  the  amount  of  creep, 
the  lower  the  elastic  strainrange  and  the  greater  the  inelastic  component  of  the  total  strainrange.  The 
corresponding  decrease  in  cyclic  life  which  is  evident  in  Fig.  3(e)  for  the  PC,  CP,  and  CC  relationships 
thus  is  essentially  a direct  result  of  the  greater  inelastic  strainrange. 


Gatori/ed  IN  100  - The  least  squares  curve  fit  of  the  SRP  data  for  Gatorized  IN  100  at  760°C  are  presented 
In  F igs.  4(a) -(e) . The  equations  of  the  life  relat ionsh ips  are  given  below: 


2-4 

Acpp  = 0.276(npp)'0'80 

Aep(;  = O.WO(Npc)'0>87 

Aecp  = 0.029(ncp)-0-^3  eq(2) 

Aecc  = 0.08^(Ncc)'0,62 

Because  of  the  limited  quantity  of  available  material,  few  tests  could  be  conducted  with  this  alloy. 
Hence,  the  relat ionships  are  based  upon  limited  information  obtained  over  a limited  cyclic  life  range. 

The  least  squares  curve  fit  life  relationships  should  not  be  extrapolated  much  beyond  the  cyclic  life 
range  of  the  existing  data.  Although  the  scatter  in  the  PP,  PC,  and  CC  data  appears  to  be  very  small, 
this  may  simply  be  due  to  the  few  data  points,  since  the  scatter  in  the  CP  points  is  substantial.  For 
example,  test  specimen  numbers  20  and  23  (Table  IV  of  Appendix  1)  are  essentially  duplicate  tests,  yet 
the  observed  cyclic  lives  were  12  and  41  respectively.  This  spread  of  nearly  4 to  1 in  observed  life 
limits  the  ability  of  SRP,  and  for  that  matter,  any  h i gh-temperature  fatigue  approach,  to  accurately 
correlate  the  behavior  of  this  group  of  specimens.  A measure  of  how  well  SRP  can  correlate  the  baseline 
results  is  given  in  Fig.  4(f).  Correlation  within  life  factors  of  two  is  obtained  except,  of  course,  for 
the  12  cycle  CP  test  which  had  a predicted  life  of  45  cycles.  Caution  should  be  exercised  in  extrapo- 
lating EQ( 2 ) to  longer  times  to  failure  at  temperatures  on  the  order  of  760°C  and  higher.  The  creep- 
formed  powder  processed  alloy  may  begin  to  exhibit  greater  creep  deformation  due  to  superplasticity  at 
longer  times  and  low  stresses  which  could  result  in  improvements  in  the  alloy's  resistance  to  CP  and  CC 
type  strainranges. 

The  amount  of  improvement  could  be  evaluated  from  a knowledge  of c reep~ruptu re  ductility  and  an  ap- 
plication of  the  DN-SRP  life  estimation  equations  of  Ref.  6.  Unfortunately,  no  ductility  data  were 
available  for  this  alloy  at  the  relatively  high  temperature  of  760°C . 

Cast  IN  100  - A set  of  SRP  life  relationships  for  cast  IN  100  tested  at  925°C  were  included  in  Ref.  (5). 
These  were  based  upon  the  preliminary  data  available  at  that  time.  A few  of  the  originally  tested  speci- 
mens had  failed  prematurely  at  thermocouple  spot  welds,  so  these  data  points  have  been  eliminated  from 
the  data  base.  Some  additional  tests  were  conducted  on  specimens  with  the  thermocouples  located  further 
from  the  critical  test  section  to  avoid  premature  failures.  The  currently  available  data  for  925  C 
although  somewhat  meager,  are  displayed  in  Figs.  5(a)-(e)  along  with  the  least  squares  curve  fit  life 
relat ionships. 

Aepp  = 0.053(npp)'0-57  , 

Aepc  = 0.053(npc)'0<73 
aE(;p  = 0.040(Ncpr0'55  EQ  (3) 

Aecc  = 0.033(ncc)-°^ 

The  few  data  exhibit  little  scatter  for  PC,  CP,  and  CC.  However,  this  may  again  be  misleading  as 
was  suggested  previously  for  the  Gatorized  IN  100,  since  there  is  scatter  of  very  nearly  a factor  of  two 
in  the  PP  data.  Correlation  of  the  results  is  within  factors  of  two  on  cyclic  life  as  demonstrated  in 
Fig.  5(f). 

Comparison  With  DN-SRP  Equations 

In  a recently  published  paper  (Ref. 6)  a set  of  equations  was  proposed  which  permits  the  estimation 
of  the  four  SRP  life  relationships  from  a knowledge  of  a material's  ductility.  Referred  to  as  the  Duc- 
tility Norma  I i zed-Stra i nrange  Partitioning  (DN-SRP)  equations,  they  were  based  upon  a correlation  of  the 
SRP  data  available  at  the  time  of  publication.  All  four  inelastic  strainrange  components  are  related  to 
life  by  power  law  equations  with  a constant  exponent  of  -0.60.  The  coefficients  in  the  equations  are 
related  to  the  ductility  of  the  alloy  at  the  temperature  and  in  the  environment  of  interest.  Plastic  duc- 
tility, Dp,  as  determined  from  percent  reduction  of  area,  R.A.  , obtained  from  conventional  tensile  tests, 
is  used  in  the  equations  for  PP  and  PC  since  these  two  types  of  strainranges  have  plasticity  in  the  ten- 
sile half  of  the  cycle.  Similarly,  c reep- ruptu re  ductility,  Dc , is  used  in  the  expressions  for  CP  and  CC 
since  creep  strain  is  present  in  the  tensile  halves  of  these  cycles.  If  creep- rupture  ductility  varies 
with  time  to  failure,  the  DN-SRP  equations  imply  that  the  CP  and  CC  cyclic  life  relations  are  also  a func- 
tion of  time.  The  DN-SRP  life  equations  are  as  given  below: 

Aepp  - 0.50(Dp)(Npp)-°'60 
A£pc  = 0.25(Dp)(N pr>'0,60 
Aecp  - 0.20(dc)0>^(ncp)'0i6° 

Atcp  - 0.10(dc)0<60(ncp)‘0>60 
Aecc  - 0.25(Dc)0l60(Ncc)'0l6° 


DN-SRP 

EQUATIONS 


EQ  (4) 


There  are  two  equations  for  CP.  The  first,  with  the  0.20  coefficient  is  for  use  when  the  creep- 
rupture  cracking  mode  is  t ransgranu I ar . The  latter  is  to  be  used  when  creep- rupture  cracking  is  of  the 
more  detrimental  intergranular  mode. 


Ductility  data  are  available  only  for  the  uncoated  Rene'  80  and  the  cast  IN  100  alloys.  However, 
implications  of  the  DN-SRP  equations  with  respect  to  the  coated  Rene'  80  will  also  be  discussed. 


Rene*  80  - Tensile  ductility  and  creep- rupture  ductility  data  for  the  uncoated  Rene*  80  alloy  are  re- 
ported in  Ref.  ( 1 8 ) at  several  temperatures  including  1000°C.  For  many  alloys,  the  creep- rupture  duc- 
tility decreases  as  rupture  times  become  longer.  This  seems  to  be  the  case  most  frequently  for  alloys 
that  crack  in  an  i nte rgranu I ar  mode.  Rene*  80  is  no  exception  in  this  regard.  C reep- rupture  cracking 
is  i ntergranu I ar . However,  for  the  rupture  times  of  interest  (the  same  times  as  the  failure  times  of  the 
cyclic  tests),  the  creep- rupture  ductility,  D^  , is  essentially  constant  at  a value  of  0.17  over  the  time 
range  from  2 to  150  hours  to  failure.  The  tensile  plastic  ductility  is  0.U0.  Hence,  the  DN-SRP  equa- 
tions for  uncoated  Rene*  80  at  1000°C  for  a time  span  of  up  to  150  hours  are: 


RENE*  80, 
UNCOATED 

I000QC 

DN-SRP 


Aepp  = 0. 200(Npp)° ' 60 

Aepc  = o.ioo(Npcr0-60 
Atcp  = o.o34(Ncpr0,60 
ACcc  = 0.085(ncc)-°‘60 


EQ  (5) 


Equation  (5)  was  used  to  predict  the  lives  of  the  baseline  tests  for  the  uncoated  Rene*  80.  Fig. 6(a) 
compares  the  predicted  lives  with  the  observed  lives.  All  but  two  of  the  points  are  within  factors  of 
three  i n eye  lie  life. 


It  was  shown  earlier  that  little  difference  exists  between  the  behavior  of  the  coated  and  uncoated 
specimens.  This  condition  is  attributed  to  at  least  two  factors,  (a)  the  coating  is  compatible  with  the 
base  alloy  and  does  not  adversely  affect  its  fatigue  resistance  as  evidenced  by  the  1000°C  vacuum  data 
of  Refs.  8 and  9,  and  (b)  the  current  testing  times  (less  than  150  hours),  are  not  long  enough  for  the 
uncoated  specimens  to  experience  life  degradation  due  to  oxidation,  i.e.,  the  protective  capabilities  of 
the  coating  are  not  as  yet  required.  However,  for  exposure  times  much  greater  than  150  hours,  uncoated 
Rene*  80  may  suffer  from  oxidation  attack  whereas  coated  Rene*  80  would  not  do  so  under  the  same  circum- 
stances. One  way  to  anticipate  whether  the  SRP  life  relations  would  be  altered  by  long  exposure  times  is 
to  evaluate  the  DN-SRP  equations  using  ductility  data  obtained  from  tensile  tests  on  exposed  material  and 
long  time  creep- rupture  tests.  The  creep- rupture  ductility,  Dq  = I n fl00/ ( 100-7.R.  A. )]  ,of  uncoated  Rene*  80 
in  1000°C  air  decreases  from  an  average  value  of  0.17  in  the  2 to  150  hour  regime  to  0.11  at  1000  hours 
to  rupture. 


We  would  thus  expect  the  CP  and  CC  SRP  life  relationships  for  uncoated  Rene*  80  appropriate  for  1000 
hour  lives  to  decrease  in  accordance  with  the  decrease  in  Dq  as  indicated  by  the  DN-SRP  relations  of  Eq . 

(U) . No  plastic  ductility  data  were  available  for  uncoated  material  that  had  been  exposed  for  long  pe- 
riods of  time,  nor  were  any  ductility  data  available  for  the  coated  material.  Hence,  we  can  not  presently 
evaluate  whether  the  long  time  SRP  life  relations  for  the  coated  and  uncoated  material  would  be  expected 
to  differ  or  remain  the  same.  The  above  discussion,  however,  does  suggest  how  such  an  evaluation  could 
be  made  without  resorting  to  expensive  long  time  cyclic  tests. 

Cast  IN  100  - Ductility  data  for  the  cast  IN  100  alloy  were  reported  in  Ref.  18.  For  the  925°C  test  tem- 
perature and  failure  times  of  less  than  100  hours,  the  corresponding  ductilities  are:  Dp  = Dq  * 0.11, 
with  intergranu lar  cracking  being  responsible  for  the  creep-rupture  failures.  Hence,  for  these  conditions, 
the  DN-SRP  equations  for  cast  IN  100  at  I000°C  are: 


CAST  IN  100 

92S°C 

DN-SRP 


Aepp  = 0.055(Npp)'0-60 
Aepc  = 0.028(npc)‘0,60 
accp  = 0.025(Ncpr0,60 
Aecc  = 0.063(ncc)'0>60 


EQ  (6) 


Figure  6(b)  compares  the  predicted  lives  of  the  cast  IN  100  with  the  observed  baseline  lives.  All 
of  the  data  are  contained  within  factors  of  three  of  the  predicted  lives,  and  nearly  all  within  factors 
of  two. 


Verification  Results 

Verification  tests  designed  to  check  the  predictive  capability  of  the  SRP  life  equations  were  con- 
ducted only  with  specimens  of  cast  IN  100,  since  sufficient  specimens  were  simply  unavailable  for  the 
other  alloys.  A primary  requisite  of  a verification  test  is  that  it  should  contain  some  feature  or  com- 
plexity not  present  in  the  baseline  test.  For  the  present  purposes,  we  selected  an  unusual  strain- 
cycling test  which  contains  periods  of  multiple  stress  relaxation  as  opposed  to  the  baseline  tests  which 
contained  periods  of  creep  at  constant  stress.  The  process  of  determining  the  amounts  of  tensile  and 
compressive  creep  and  plasticity  is  straightforward.  Referring  to  Fig.  2,  the  creep  strain  was  determined 
from  the  amount  of  elastic  strain  converted  to  creep  strain  during  each  relaxation  period.  The  plastic 
strain  is  the  difference  between  the  inelastic  strain  and  the  creep  strain.  For  example,  during  the  com- 
pressive portion  of  the  multiple  tensile  relaxation  cycle  (hTRC)  of  Fig.  2(c),  the  compressive  creep 
strain,£cj,  is  equal  to  the  amount  of  relaxed  stress  (<Ja~  O ^)  divided  by  the  modulus  of  elasticity,  E. 


The  compressive  plastic  strain  is  simply  the  difference  between  the  inelastic  strainrange  Ae|N  and 
In  tension,  there  are  three  creep  strain  contributions,  Gr2»  eC3»  an^  eC4*  Each  is  given  by  the  amount 
of  stress  relaxation  ( oc  0 d)  » ( (Je  a f)  • and  ( <7g  Undivided  by  the  elastic  modulus. 

The  tensile  plastic  strain  is  given  by  AejN  “ ( Cc2  + eC3  ♦ ec4)  • Procedures  for  determining  the 
partitioned  inelastic  strainrange  components  are  given  in  Kef.  5.  For  the  MTRC  example,  three  strain- 
range  components  are  present,  PP,  CP,  and  CC.  For  a multiple  compressive  relaxation  cycle  (HCRC) , PP,  PC, 
and  CC  strainrange  components  are  introduced. 

For  each  verification  test  conducted,  the  inelastic  strainrange  was  used  to  calculate  the  respective 
Npp,  Npc , Nqp,  and  Ncc  lives  from  the  least  squares  curve  fit  life  relations  of  EQ.  (3).  Knowing  the 
partitioned  inelastic  strainrange  components  permitted  calculation  of  the  strainrange  fractions,  Fpp, 

FpC»  E^p,  an<^  E(X  ^or  use  'n  'nteract'on  damage  rule  so  that  the  predicted  cyclic  lives  Npp^Q  could 
be  computed. 

(Fpp/Npp)  ♦ (Fpc/Npc)  + (Fcp/Ncp)  + (Fc(VNCC)  * 1/NPRED  EQ  (7) 

A series  of  three  MTRC  and  three  MCRC  tests  were  conducted  with  the  cast  IN  100  at  925°C  using  the 
six  minute  cycle  illustrated  schemat i ca I ly  in  Fig.  2.  Table  IV  of  Appendix  1 lists  the  pertinent  data  for 
each  verification  test.  Comparisons  of  the  observed  lives  and  predicted  lives  are  presented  in  Fig.  8. 

It  is  seen  that  cyclic  lives  were  predicted  to  within  factors  of  two  in  every  case. 


SUMMARY  AND  CONCLUDING  REMARKS 

In  keeping  with  the  objectives  of  this  Specialists  Meeting,  this  paper  focused  on  an  evaluation  of 
how  well  the  Method  of  Strainrange  Partitioning  (SRP)  can  both  correlate  and  predict  the  h i gh- temperature , 
low-cycle  fatigue  lives  of  laboratory  specimens  of  advanced  gas  turbine  alloys. 

Strainrange  Partitioning  characteristics  were  presented  for  two  nickel-base  superalloys:  cast  Rene' 
80  with  and  without  an  aluminide  (Codep  B-1)  coating,  and  IN  100  in  both  the  Gatorized  (creep- formed)  and 

cast  conditions.  SRP  life  relationships  were  established  for  each  of  the  four  inelastic  strainrange  types 

(PP,  PC,  CP,  and  CC)  for  each  alloy  condition. 

By  comparing  the  observed  lives  of  the  baseline  tests  with  the  lives  calculated  from  the  established 
life  relationships,  it  was  shown  that  the  method  of  Strainrange  Partitioning  successfully  correlated  the 
high- temperature,  low-cycle  fatigue  lives  of  these  alloys  generally  to  within  factors  of  two.  It  should, 
of  course,  be  kept  in  mind  that  the  SRP  inelastic  strainrange  versus  life  relat ionships  for  the  cast 
nickel-base  superalloys  studied  in  this  program  are  not  widely  separated  one  from  another.  These  circum- 
stances are  believed  to  result  from  the  fact  that  these  alloys  were  designed  to  resist  creep  deformation 

by  the  prevention  of  grain  boundary  sliding,  a mechanism  frequently  associated  with  widely  separated  CP 
and  PP  SRP  life  relationships. 

An  evaluation  was  also  made  of  how  well  the  recently  proposed  Ductility  Normal i zed-Strain range  Par- 
titioning (DN-SRP)  equations  could  predict  the  cyclic  lives  of  the  baseline  tests.  Values  of  tensile 
plastic  ductility,  Dp,  and  creep- rupture  ductility,  0q, for  use  in  the  DN-SRP  equations  were  determined 
at  the  temperature  and  failure  times  corresponding  to  the  baseline  data,  and  then  used  to  determine  the 
PP,  PC,  CP,  and  CC  life  relationships.  These  life  relationships  were  then  applied,  in  conjunction  with 
the  interaction  damage  rule  to  predict  the  cyclic  lives  of  the  baseline  tests.  Agreement  between  pre- 
dicted and  observed  lives  was  generally  within  factors  of  3.  Only  uncoated  Rene'  80  and  cast  IN  100  were 
evaluated  since  ductility  data  were  unavailable  for  the  other  conditions  of  these  alloys. 

A few  verification  type  tests  were  conducted  on  specimens  of  cast  IN  100  using  a test  cycle  composed 
of  hold  periods  at  several  different  constant  strain  levels.  Creep  was  thereby  introduced  into  each 
cycle  by  the  process  of  repeated  stress  relaxation.  One  series  of  tests  was  conducted  which  featured 
three  hold  periods  in  tension  and  a much  shorter  period  at  the  peak  compressive  strain,  thus  producing 
partitioned  inelastic  strainrange  components  of  CP,  CC , and  PP.  Another  series  of  tests  reversed  the 
holding  pattern  of  strain  and  thus  gave  rise  to  PC,  CC , and  PP  components.  The  lives  of  the  verification 
tests  were  predicted  on  the  basis  of  the  life  relationships  established  from  the  baseline  tests  which  had 
introduced  creep  in  a more  direct  manner  by  using  hold  periods  at  constant  stress.  The  life  of  each  veri- 
fication test  was  predicted  correctly  to  within  factors  of  two,  which  is  considered  to  be  an  acceptably 
high  degree  of  pred ictab 1 1 i ty . 

It  is  concluded  that  the  method  of  Stra inrange  Partitioning  can  be  used  to  accurately  correl ate  and 
pred i ct  the  hi gh- temperature , low-cycle  fatigue  behavior  of  the  nickel-base  superalloys  studied  in  this 
program. 
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STRESS  0 STRAIN 


Figure  1.  - Schematic  Illustration  o ( hysteresis  loops  resulting  from 
test  cycles  used  to  establish  baseline  strainrange  partitioning  life 
relationships  tor  Rene'  DOt  Gatorized  IN  100.  and  cast  IN  100. 


Figure  2.  - Schematic  representation  of  verification  test  cycle  intmlving  multiple  strain  hold  periods.  Multiple  Tensile  Relaxation 
Cycle  (MTRCl  shown,  la)  Programmed  strain-time  waveform;  1)1  Stress-time  response-,  and  |c)  Stress-strain  hysteresis  loop. 


INELASTIC  STRAMRANGE 


UNCOATED  COATED 


CYCIES  10  EAIIURE 


CYCLES  TO  FAILURE  CALCULATED  LIFE.  CYCLES 


Eiqure  ).  Stralnranqepartitioninq  life  relationship!  for  cast  Rene'  80  with  anil  without  Codep  B-l  aluminide  coating  in  air  at 
KXXr  C.  least  squares  curve  fit  of  baseline  data.  Note  little  dlf1erenc.es  between  coated  and  uncoated  behavior,  id)  PP  life 
relationship-,  f»  PC  life  relationship;  ic)  CP  life  relationship-,  id)  CC  life  relationship;  (e!  Superposition  of  life  relationships; 
and  (f)  Life  relationships  correlate  baseline  data  to  within  factors  of  2 in  cyclic  life. 


10  1 


M2 


Figure  6.  - Application  of  the  ductility  normalized- 
strainrange  partitioning  life  equations  to  the 
prediction  of  the  baseline  data.  talRene' 80, 
uncoated.  lOOOP  C;  and  III  Cast  IN  100,  925°  C. 


Figure  1.  - Stralnrange  partitioning  predicts  lives  of  multiple 
strain  hold  time  verification  tests  to  within  factors  of  two. 
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APPENDIX  1 - MATERIAL  DATA  SUMMARY 
TABLE  I:  CHEMICAL  COMPOSITION  - WT  % 

MATERIAL  Al  Si  B C Co  T i V W Cr  Zr  Fe  Mo  Mn  Ni 

RENE'  80  2.990  <0.050  0.015  0.170  9.730  4.870  3.940  13.800  0.043  0.130  4.110  <0.020  BAL 

IN  100  4.980  0.020  0.070  18.500  4.320  0.780  12.400  0.060  3.200  BAL 

(GATOR I ZED) 

IN  100  5.450  0.110  0.016  0.170  15.100  4.760  0.970  10.300  0.084  2.960  0.020  BAL 

(CAST) 


TABLE  II:  PROCESSING 
MATERIAL  PROCESSING 


Rene1  80  TRW  master  heat  no.  BL-5138,  bare  t 

coated  with  Codep  B- 1 (a I umi n ide) . Individ- 
ually cast  bars  (hole  bored  for  tubular 
specimens).  ASTM  grain  size  = 3. 


HEAT  TREATMENT 

HEAT  TREATMENT 


1220C-2hr.  in  vac.,  inert  Q to  RT; 

1095C-4hr.  in  vac.,  inert  Q to  RT ; 

1050C-4hr.  in  vac.,  FC  in  1 hr.  to 

650C,  AC  to  RT  (simulates  coating  cycle); 
845C- l6hr.  in  vac.,  FC  to  RT.  Rough  machi ne 
before  heat  treatment,  finish  grind  after. 


IN  100  Powder  - GATOR  I ZED (TM) 


Solution  2050F , Stabilized  1600F  and 
1800F,  precipitation  1200F  and  1400F. 


IN  100  CAST 


None 


TABLE  III:  MECHANICAL  PROPERTIES 
(IMPa  - 0.145KSI) 


TENSILE  PROPERTIES 


MATERIAL 

TEMP 

MODULUS 

C 

MPa 

RENE'  80 

20 

198,600 

1000 

128,200 

IN  100 

20 

205,500 

(CAST 

925 

155.100 

0.2%  YIELD 
MPa 

ULTIMATE 

MPa 

RA-% 

821.0 

996.0 

6.2 

230.0 

333.0 

32.7 

866.0 

1040.0 

12. 1 

467.0 

622.0 

10.2 

CREEP-RUPTURE  PROPERTIES 


10 

HR 

100 

HR 

1000 

HR 

MPa 

RA-% 

MPa 

RA-% 

MPa 

RA-% 

O 

O 

00 

16.5 

127.6 

12.5 

82.7 

10.5 

430.0  10.3  262.0  10.3  158.6 


10.3 


TABLE  IV  - CHEEP- FATIGUE  DATA 
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00 

l a*  N,/a,  MFo 
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2*4.2  *12.* 


SUatosaag*  *1  N|/l,  % 
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H*.1  1*4.1  II*.* 

m.*  II*.  1 2*2.0 


I Tout 
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FF 
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CF 

cc 
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0.  (it* 
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0.  *7* 
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0.000 

0.000 
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0.*** 
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0.4  11 

0.4  11 

0.000 

0.000 

0.000 

0.«10 

0.  121 

0.04* 
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0.000 

0.000 
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2.4U 
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2.  10* 
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0.  *1* 

0.  1*1 

0.424 

0.  24* 
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0.  II* 
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0.  102 

o.on 
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0.000 
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2.410 

0.424 

1.90* 

n.  no 

1.04* 

0.000 

0.000 

1.007 

0.  1*7 
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0.000 
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0.  2«* 

0.11* 

0.04  1 
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o.ooo 
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0.  112 
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0. 0*« 

0.04* 

0.0** 

0.000 

0.000 

1.  It* 

0.407 

n.*62 

0.2  1* 

0.000 

0.72* 

0.000 

1.022 

0.  1*2 

0.4  10 

0.  1 14 

0.000 

0.4*4 

0.000 

0.*I1 

0.  Ill 

0.  I/O 

0.0*8 

0.000 

0. 212 

0.000 

0.  117 

0.214 

0.  102 

0.04* 

0.000 

0.0*4 

0.000 

2.  Ill 

0.  1*1 

1.7*0 

0.  147 

0.000 

0.000 

1 . *•• 

0.*** 

0.2*1 

0.721 

0.  141 

0.000 

0.014 

0. 44* 

0.4*2 

0.  1*7 

0.  7*4 

0.0  14 

0.000 

0.000 

0.2*0 

0.2** 

0.171 

0.0*1 

0.011 

0.000 

0.000 

0.002 

Gator  Had  IN  100.  700°C 


1104.0 

1410.0 

2021.0 
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I.OW  CYCI.I  FATIdlJI  BIIIAVIOR  01  IN- IDO:  STRAINHANCI:  I'Ak  I I I lONINfi  Ml  I1K)I) 


M.C.  VanWanderham,  R.M.  Wallace,  (.'.(i.  Annis,  Jr. 
Mechanics  of  Materials  and  Structures 
Pratt  h Whitney  Aircraft 
(iovernment  Products  Division 
West  Palm  Beach,  Florida,  U.S.A.  .3.3402 


SUMMARY 

The  elevated  temperature,  low  cycle  fatigue  behavior  of  the  gas  turbine  disk  alloy  IN  100  is 
evaluated  using  the  St  rain range  Partitioning  method.  Strainrange  Partitioning,  an  advanced  life 
prediction  analysis  procedure,  assumes  that  any  hysteresis  loop  can  he  represented  by  combinations 
of  the  four  generic  cycle  definitions:  PP,  (*P,  P(.',  and  C(*.  The  first  letter  refers  to  the  material 
response  in  tension,  either  Plastic  (time  independent)  or  Creep  (time*  dependent),  and  the  second  letter 
refers  to  material  response  in  compression. 

There  is  considerable  interest  in  the  gas  turbine  industry  in  understanding  and  accurately  predicting 
th"  effects  of  various  types  of  possible  dwells,  e.g.,  pure  creep  or  stress  relaxation,  on  the  1.(1  life 
of  critical  rotating  components.  In  this  investigation,  PP  and  CP  curves  were  developed  for  CATORIZF.I/^ 
IN-iOO  at  h4*)°C,  mean  strain  equal  to  half  maximum  strain.  Tensile  Hold  Strain  Cycle  f'll ISC)  and  Tensile 
Creep  Stress  Dwell  (TCSD)  tests  were  used  to  determine  CP-type  response. 

When  cycled  at  the  same  inelastic  strainrange  (measured  at  half-life)  TIISC  specimens  survived  approx 
imately  twice  as  long  as  TCSD  tests.  However,  when  Strainrange  Partitioned,  there  is  no  significant  dif 
ierence  between  TIISC  and  TCSD  results  and  a single  CP  relation  can  be  used  to  predict  accurately  the  life 
of  either  type  of  tensile  dwell  test. 


SYNOPSIS  OF  STRAINRANCI.  PARTITION  INC  MI.THOI) 

Strainrange  Partitioning  is  a life  prediction  analysis  procedure  for  high  temperature,  low  cycle 
fatigue,  involving  creep- fat iguc  interactions,  which  addresses  material  behavior  under  cyclic  deformation 
(hysteresis),  paying  particular  attention  to  inelastic  strain  t ime  synergism. 1 

I he  inelastic  strains  are  divided  into  those  which  are  t ime -dependent , and  those  which  are  not.  For 
convenience,  t i me  dependent  inelastic  strain  is  termed  "creep,"  and  time  independent  inelastic  strain 
"plastic."  Since  these  strains  can  be  experienced  in  both  tension  and  compression,  four  combinations  of 
inelastic  Strain  are  possible:  (I)  plastic  in  both  tension  and  compression,  PP,  (2)  plastic  in  tension, 
creep  in  compression,  PC,  (3)  creep  in  tension,  plastic  in  compression,  CP,  and  (4)  creep  in  both  tension 
ami  c omp r ess  ion,  (X . 


OBJI-CTIVI:  01  TINS  Rl. SI. ARCH 

Has  turbine  engine  rotating  components  experience  complex  thermal  mechanical  stresses  caused  by  varia- 
tions in  flight  operating  conditions.  The  damage  accrued  during  this  cyclic  loading  can  result  in  low 
cycle  fatigue  (FIT).  At  elevated  temperatures,  additional  concerns  are  interactions  of  I.CF  with  creep  and 
env  i ronmeiit  . 

The  objective  of  this  paper  is  to  evaluate  the  low  cycle  fatigue  behavior  of  the  advanced  gas  turbine 
disk  alloy  IN-IOO  at  b49°C  with  particular  attention  given  to  dwell  effects.  There  is  interest  in  under 
standing  elevated  temperature  constitutive  response  of  fracture  critical  locations  of  gas  turbine  disk 
components.  For  example,  if  a bolthole  experiences  sufficient  elastic  constraint  to  relax  during  dwell 
and  a disk  blade  attachment  is  kinematically  free  to  creep,  improved  I.CF  prediction  systems  must  be 
capable  of  accurately  modeling  the  true  material  behavior.  I-xperimental  and  analytical  programs  are 
currently  addressing  these  questions  at  Pratt  l,  Whitney  Aircraft. 

Strainrange  Partitioning  does  not  recognize  differences  in  these  types  of  dwells  for  equivalent,  par 
titioned,  inelastic  st ra i nranges . This  investigation  tests  this  tenet  of  SRP  for  IN-100. 

MATI ; R I A I . ( .’HA  RAC  .Tl  i R I Z ATI  ON 

All  evaluations  were  performed  on  (iATORI7.Fl)  IN  100,  an  advanced  turbine  disk  alloy  used  in  the  IT  00 
turbofan  engine.  The  majority  of  the  specimens  used  in  this  investigation  were  machined  from  heat  RADII 
and  found  to  be  representative  of  typical  IN-IOO.  Heat  treatment  consists  of  solut ioni z i ng,  stabilization, 
and  precipitation  hardening.  When  superplast iea 1 ly  forged  with  the  (lATORIZINd***  forging  process,  IN- 100 
becomes  a fine  grain  (ASTM  12  14),  isotropic  material. 

Typical  tensile,  stress  rupture  and  creep  rupture  test  results  for  IN  100  are  given  in  Table  I 
•(see  Footnote  on  p.3-4). 


I X PI  kIMI.NTAI,  Ml  HMDS 

Axial  strain,  low-cycle  fatigue  characteristics  were  determined  at  various  strain  rates  and  strain 
waveforms  on  servohydraul i c , closed  loop,  fatigue  testing  machines  designed  and  built  at  Pratt  fi  Whitney 
Ai  rc  raft . 

The  test  specimen  used  in  this  program  is  shown  in  Fig.  1.  This  specimen  was  designed  using  photo - 
elastic  and  experimental  elast ic  -plant it  strain  analyses. 


A calibration  procedure  was  established  to  relate  tin-  maximum  strain  to  collar  deflection  during 
both  the  elastic  and  the  plastic  portions  of  the  strain  cyd*.  The  plasticity  correction  accounts  for 
the  possible  deviation  of  apparent  (extensometer)  st  rain,  Af /#0  , from  tin*  true  strain. 

Strain,  of  course,  is  defined  as  the  ratio  of  increased  length,  A#f  to  an  original  length,  *o  . In 
the  elastic  region,  any  increase  in  length  occurs  over  the  entire  gage  length  but  plastic  deformation 
occurs  locally.  The  plasticity  correction  changes  the  effective*  gage  length  with  the  onset  of  plast  i 
city.  The  extensometer  deflection  accurately  records  A#. 

A finite  element  analysis  of  this  specimen  showed  that  the  plasticity  correction  factor,  C1/C2,  is 
uniquely  related  to  material  strain  hardening  exponent,  n.  Since  the  computation  of  n is  straightforward, 
given  the  material  cyclic  stress-strain  curve,  the  correction  factor  is  also  easily  computed. 

Specimen  axial  strain  was  measured  and  controlled  by  means  of  a proximity  probe  extensometer.  Collar 
deflection  was  measured  and  controlled  via  proximity  probes  attached  to  the  open  ends  of  the  extensometer 
tubes  so  that  the  extensometer  rod  ends  move  relative  to  the  probes  as  the  specimen  collars  deflect. 
Heating  was  accomplished  using  clamshell  resistance  furnaces. 


Seven  High  Rate  Strain  Cycle  (IIRSC)  tests  were  performed  at  0.5  Hz  to  0.05  Hz  to  determine  PI* -type 
behavior.  Four  Tensile  Hold  Strain  Cycle  (TI1SC)  and  six  Tensile  Creep  Stress  Dwell  (TCSD)  tests  were  used 
to  determine  CP-type  response.  The  tests  were  performed  at  a mean  strain  equal  to  half  maximum  to  simulate 
gas  turbine  disk  operating  conditions.  Creep- fat igue  data  are  summarized  in  Table  11. 

Figure  2 presents  the  resulting  cyclic  lives,  Nf,  as  functions  of  total  st rainrange,  A< t . It  is  interes 
ing  to  note  that  differences  between  THSC  and  TCSD  relationships  (strain  vs  load  dwell),  compared  at 
constant  total  strainrange,  are  obscured  by  the  large  elastic  strain  components. 

Figures  3,  4,  and  5 present  Nf  vs  inelastic  strainrange.  At  jn.  Figure  6 is  a composite  of  these  fig- 
ures. Notice  that  when  cycled  at  the  same  inelastic  strainrange,  THSC  specimens  survived  approximately 
twice  as  long  as  TCSD  specimens. 

It  is  assumed  that  the  THSC  and  TCSD  hysteresis  loops  are  composites  of  pure  CP  and  PP  behavior.  The 
PP  component,  represented  by  the  High  Rate  Strain  Cycle  (HRSC)  tests,  must  be  subtracted  from  the  THSC  and 
TSCD  loops  to  produce  the  desired  pure  CP  relationship. 

Any  hysteresis  loop  can  be  described  as  some  combination  of  these  elements,  each  present  in  amounts 
represented  by  their  constitutive  fractions,  Fa>fo.  The  first  literal  subscript  refers  to  the  type  of  in- 
elastic strain  experienced  in  tension,  the  second  subscript  refers  to  that  in  compression.  Only  three  of 
the  four  basic  types  of  inelastic  strainrange  can  be  present  in  any  real  hysteresis  loop.  Roth  PP  and  CC 
can  occur  together  in  a cycle  but  only  one  PC  or  CP  type  can  be  present.  This  is  because  with  PC  or  CP 
there  is  creep  in  only  one-half  of  the  cycle  being  reversed  by  plastic  deformation.  Since  it  is  physically 
possible  to  have  "more"  creep  in  only  one-half  of  any  real  hysteresis  loop,  only  one,  PC  or  CP  type  can  be 
present . 

When  the  constitutive  fractions  have  been  determined,  the  expected  cyclic  life  can  be  calculated  from 
The  Interaction  Damage  Rule* 

1/N _ = F /N  ♦ F /N  ♦ F /N  ♦ F /N 
f pp  pp  pc  pc  cp  cp  cc  cc 

where:  N^.  = cyclic  life  under  some  complex  hysteresis  loop 

l*a  k 3 constitutive  fraction  of  type  a,b  inelastic  strain  contained  in  that  hysteresis 

* loop 

and:  b * cyclic  life  expected  assuming  the  entire  inelastic  strain  to  be  of  type  a,b. 

See  the  Appendix  and  Reference  2 for  further  discussion  on  Damage  Rules. 

Since  only  two  generic  components  (PP  and  CP)  comprise  the  THSC  and  TCSD  relationships  t The  Interaction 
Damage  Rule  can  be  written  as 

1/Nr  = F /N  ♦ F /N  , 
f pp  pp  cp  cp 

where  N_  is  the  observed  cyclic  life  comprised  of  F fraction  PP  and  F fraction  CP 

t PP  cp 

F ♦ F - 1 
pp  cp 

F’cp  and  Fpp  can  be  determined  from  a graphical  analysis  of  the  hysteresis 
loop. 


The  graphical  method  for  obtaining  F 


is  as  follows: 


An  elastic  line  is  constructed  through  the  tensile  portion  of  the  hysteresis  loop.  Through  the  peak 
stress  point  (at  time  of  dwell  initiation),  a line  is  then  constructed  parallel  to  the  elastic  line.  The 
fractions,  Ipp  and  FCp,  are  then  established  by  measurements  along  the  graphically  intercepted  i-axis. 

Solving  for  NCp, 

N - F /(1/N,.  - F /N  ), 
cp  cp  f pp  pp" 

and  Nf  and  Npp  are  determined  at  the  observed  value  of  inelastic  strainrange. 


(.alculat  ing  Nc.,  for  each  of  the  THSG  and  TCSD  tests  and  plotting  these  vs  c X (A«  jn  ) pro- 
duces figs.  7 and  8 

figure  9 shows  the  "pure"  (PI*  and  CP)  behaviors,  CP  as  determined  from  both  TIISC  and  TCSD  test  types. 
Ideally,  the  resulting  CP  lines  would  be  coincident;  the  small  observed  differences  are  attributable  to 
random  data  scatter.  A better  represent  at  ion  of  pure  CP  behavior  should  then  result  from  regressing  the 
data  contained  in  figs.  7 and  8 as  an  entity.  The  resulting  regression  is  shown  in  lig.  10.  finally, 
fig.  11  presents  the  desired  relationships  of  PI*  and  CP  cycles  to  failure  vs  their  respective  types  of 
inelastic  strains.  An  overall  presentation  of  the  effectiveness  of  SRI*  in  describing  IN- 100  material 
response  to  MRSC,  TIISC,  and  TCSD  cycling  is  found  in  fig.  1 2,  which  provides  actual  vs  calculated  cyclic 
lives  for  the  specimens  tested. 


CONCMJSIONS 


for  IN  100,  tested  at  649  C and  mean  strain  equal  half  maximum,  Strainrange  Partitioning  can  be  used 
to  compute  the  cyclic  lives  for  any  loop  shape  from  one  extreme  (strain  dwell)  to  the  other  (load  dwell) 
even  though  their  respective  behaviors  vs  total  inelastic  strainrange  are  different. 
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APPEND 1 X 

I N i l. PACT  ION  DAMAGE  RUI.FS 


Some  type  of  damage  rule  is  basic  to  the  application  of  Strainrange  Partitioning.  In  those  cases 
where  PP  lives  are  found  to  lie  lower  than  the  other  three  basic  types  (PC,  CP,  CC),  the  application  of 
The  Interaction  Damage  Rule  to  subtract  any  PP  component  in  PC,  CP,  or  CC  would  result  in  negative  values 
of  Nf.  The  following  discussion  compares  The  Interaction  Damage  Rule  and  a General  Rule,  of  which  The 
Rule  is  a special  case. 

1.  The  Interaction  Damage  Rule 


The  Interaction  Damage  Rule  is  given  by: 


where : 


1/N I /N  «•  I /N  ♦ P /N  ♦ P /N 
1 pp  pp  pc  pc  cp  cp  CC  cc 


cyclic  life  under  some  complex  hysteresis  loop 


a , b 


constitutive  fraction  of  type  a,b  inelastic  strainrange  contained  in  that 
hysteresis  loop 


and  ; 


a , b 


cyclic  life  expected  were  the  entire  inelastic  strainrange  of  type  a,b. 


Since  any  real  loop  can  contain,  at  most,  three  of  these  four  constituents,  so  for  simplicity  The 
Rule  ma y be  w r i 1 1 en  a s : 


3 

l/N..  = £ F-/N. 
< J J 

j = » 


(Interaction  Damage  Rule) 


This  Rule  can  be  seen  to  be  a special  case  of  a more  general  cumulative  damage  rule: 


3 

n"  ’ £ FjN",  -1<h<  *1  (General  Rule) 

j = l 

2.  An  Alternative  Rule 

To  provide  a basis  for  comparison,  an  alternative  rule  where  n = ♦!,  will  be  described.  This  rule 
can  be  written  as: 


3 

N * y.  F j Nj  (Alternative  Rule) 

j*I 

for  illustrative  purposes  consider  a hypothetical  case  where  only  two  types  of  damage  are  present,  and 
both  in  equal  proportions,  i.e.,  I|  ^ 1^  0.5.  Since  it  is  not  uncommon  to  observe  an  order  of  magnitude 
difference  in  life  between  the  shortest  and  longest  cycle  definition,  suppose  also  that  N2  = 10Nj. 


Now  compare  the  cyclic  life  computed  using  these  two  rules  (n  = -1)  and  (n  = ♦ !). 


Using  The  Interaction  Damage  Rule 
1/Nf.  = 0.5/Nj  ♦ 0.5/N2 

= 0.5/Nj  ♦ 0. 5/lONj 

* (0.5  ♦ 0.05)/Nj 

Nf  = (1/0. 55)Nj  = 1.818N 

Whereas  an  Alternative  Rule  would  give: 

Nf  = 0.  SNJ  ♦ ().SN2 

= 0 . 5N  j ♦ 0 . 5 ( 1 ON  j ) 

= (0.S  ♦ 5 . 0)Nj 

= 5 . 5N 

from  this  it  can  be  seen  that  The  Interaction  Damage  Rule  favors  the  shorter  life  in  this  50%  type  1, 
50%  type  2 hypothetical  case,  and  the  Alternative  Rule  favors  the  longer  life.  Of  course,  the  minimum 
value  expected  in  either  case  is  Nj,  and  the  maximum  value,  N2-  Both  results  are  bounded  by  these  numbers. 

Fig.  A1  compares  these  two  rules  for  cases  where  N2  is  some  other  multiple  of  Nj.  From  this,  an 
interesting  conclusion  can  be  drawn:  The  Interaction  Damage  Rule  is  asymptotic.  That  is,  even  if  the 
other  contributing  lives  were  infinite,  the  maximum  value  possible  for  life  computed  using  the  Rule  equals 
the  shortest  contributing  life  (PP,  PC,  CP  or  CC)  times  the  inverse  of  its  constitutive  fraction. 
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Fig.  A1 . The  Interaction  Damage  Rule  is  Asymptotic. 


Chemical  compositions,  material  processing,  heat  treatments  and  mechanical  properties  for  each  tested  alloy,  as  well  as  the  data 
generated  in  the  programme,  are  given  in  Appendix  A I. 


Table  J 

Typical  Properties  For  IN-100  At  649°C 


0.2%  Yield  St  rengt h Ult  i m.j  t e Tensi  1 e Strengt h 

1100  MPa  1380  MPa 

Stres s Kugt ure  1. 1 f e 
100  hr  1000  hr 

1020  MPa  880  MPa 

Creep  Itujit u re  I. j fe  to  0.2% 
100  hr  lPOOTTf 

900  MPa  760  MPa 
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Table  II 

Creep-Fatigue  Data 
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ective  Regression  of  Partitioned  TCSD  and  THSC  Cycles. 
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ABSTRACT 

The  main  objective  ol  the  study  is  to  compare  the  actual  capabilities  of  two  life  prediction 
methods  in  the  low  cycle  high  temperature  regime 

- the  simplest  one  is  the  strain  range  partitioning  which  needs  a number  of  special  tests 
involving  creep  and  fatigue  interaction,  but  it  is  difficult  to  apply  under  complex  situations 
where  the  inelastic  strain  components  are  small  or  when  strain  and  temperature  vary  simul 
taneously  ; 

- the  second  one  is  the  continuous  damage  approach,  firstly  proposed  by  the  Russian,  which 

can  be  applied  to  the  prediction  of  the  creep  fatigue  interaction  phenomenon  by  means  of  pure 
fatigue  tests,  pure  creep  tests  and  corresponding  damage  equations. 

The  two  methods  are  evaluated  for  the  IN  100  alloy  at  900  and  100CTC  The  comparative  advan 
tages  are  discussed  under  two  complementary  aspects  : 

- correlation  of  isothermal  laboratory  tests  where  stabilized  cyclic  loops  are  measured, 

- prediction  of  isothermal  or  non  isothermal  conditions  by  using  cyclic  viscoplastic  constitutive 
equations  for  mechanical  behavior  description  of  the  material. 

♦ 


1 - INTRODUCTION 

Owing  to  improvements  in  computer  efficiency,  calcula 
non  techniques  and  testing  facilities  during  the  past  twenty 
years,  we  are  now  able  to  take  into  account  the  high  tempe 
rature  behaviour  of  materials  in  the  design  procedures  of 
complex  structures  The  very  strong  requirements  in  various 
domains  (safety,  efficiency,  economy,  minimal  cost  .)  lead 
to  the  use  of  lifetime  prediction  methods  of  continuously 
increasing  sophistication,  especially  for  gas  turbine  components 
(1.  2|,  nuclear  plants  and  pressure  vessels  |3|. 

When  a structure  undergoes  cyclic  loading  associated  with 
high  temperature  conditions,  its  behaviour  depends  on  several 
complex  phenomena  such  as 

— the  plastic  and  viscoplastic  flows  including  hardening, 
creep,  relaxation, 

— the  Bauschinger  effects  and  the  cyclic  softening  or 
hardening  modifications  under  cyclic  loading,  which  give  rise 
or  not  to  stabilized  conditions, 

— the  high  temperature  low  cycle  fatigue  rupture  process, 
induced  by  combination  of  creep  and  fatigue  damage,  which 
leads  to  macroscopic  crack  initiation  in  the  most  critical  area 
of  the  structure 


From  the  engineer's  point  of  view  the  size  of  this  defect 
can  be  arbitrarily  defined  by  reference  to  the  need  of  taking  it 
in  account  for  the  global  equilibrium  of  the  structures,  with 
the  Fracture  Mechanics  approach  for  example.  Calculation  of 
stress  and  strains  in  the  structure  with  highly  non  linear 
behavior  of  the  material  and  very  complex  situations  including 
cyclic  thermal  stresses  is  a very  difficult  problem  which  solu 
tion  can  be  reached  either  through  sophisticated  computer 
techniques  |4,  5,  6)  or  simplified  procedures  as  Neuber's  rule 
1 7,  8,  9|  or  Reference  Stress  methods  1 10,  11,  12| 

The  scope  of  the  Agard  Cooperative  Program  in  the  past 
three  years  was  to  contribute  to  the  improvement  of  the  lifetime 
prediction  procedures  based  on  these  stress  and  strain  calcula 
tions.  In  this  area  we  examine  two  types  of  methods 

- The  Strain  Range  Partitioning  Approach  1 1 3,  14)  which 
is  defined  by  four  basic  rupture  curves  related  to  different 
components  of  the  inelastic  strain  with  separation  of  creep  and 
plastic  behaviors  and  of  tensile  and  compressive  effects.  This 
method  uses  a number  of  special  strain  controlled  tests  with  or 
without  hold  time,  but  modelizes  only  failure  relations  and  not 
progressive  damage  relatively  simple  to  apply  it  must  be 
considered  as  an  efficient  parametric  interpretation  of  these 
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types  of  test  Other  test  correlations  have  been  proposed  m this 
high  temperature  regime,  based  on  frequency  |15|  or  strain 
rate  1 16,  1 7 1 dependance. 

On  the  other  hand,  the  Continuous  Damage  Approach 
j 18,  19,  20 J give  rise  to  the  opportunity  to  describe  the  pro 
gressive  deterioration  processes  taking  place  between  initial 
undamaged  state  and  final  stage  (failure  of  the  specimen)  which 
corresponds  approximatively  to  initiation  of  the  macroscopic 
crack  in  the  structure  |21|.  This  permits  the  modclization  of 
several  non  linear  cumulative  effects  |22|  including  the  creep 
fatigue  interaction  phenomenon  |23,  24 1 : this  last  effect  can 
be  predicted  by  means  of  static  creep  and  pure  fatigue  tests 
only,  a few  viscoplastic  fatigue  tests  (cyclic  tests  with  time 
effects)  being  used  to  check  the  predictions. 

The  main  objective  of  the  paper  is  to  compare  the  accuracy 
of  the  two  methods  on  the  example  of  the  turbine  blade  refrac 
tory  alloy  IN  100  (coated),  at  900  and  1000°C.  The  respective 
advantages  can  be  discussed  with  reference  to  two  complemen 
tary  aspects  laboratory  tensile  compressive  test  correlation 
and  prediction,  application  to  the  lifetime  prediction  in  actual 
complex  structures. 

2 - EXPERIMENTAL  PROCEDURES  AND  TEST  RESULTS 

2.1.  Description  of  test  system 

The  cyclic  tension  compression  tests  are  realized  with  an 
electrohydraulic  Schenck  system,  on  high  frequency  induction 
heated  cylindrical  specimens.  The  working  range  of  the  machine 
is  ♦ 2 5 tons.  ♦ 10  mm  displacement,  with  100  Hz  maximum 
frequency  The  controlled  parameter  can  be  either  the  load  or 
the  measured  elongation  with  wave  form  as  des'red. 

The  toroidal  /unction  zones  are  designed  in  order  to 
minimize  stress  concentration  and  buckling  problems  and  to 
have  a sufficient  gauge  length  (fig.  1)  |25|. 
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The  button  head  of  the  specimen.are  c lamfml  with  a 
special  device  (fig  2)  which  gives  a good  stiffness  and  very 
good  linearity  in  the  considered  loading  range  (axial  preload 
of  approximately  5 tons  is  applied  by  lock  nut  screwing  with 
a dynamometric  spanner)  Mounting  and  unmounting  a specimen 
can  be  accomplished  in  a few  minutes  without  difficulty  1 26 J 


Fig.  2 - Gripping  and  heating  systems 


The  induction  heating  of  the  specimen  is  obtained  by  HF 
generator  CELES  GHF  2.5  AP,  2.5  kW  with  frequency  between 
100  and  500  kHz.  The  shape  of  the  inductor  spires  are  designed 
(fig.  2)  in  order  to  obtain  the  required  temperature  on  the  maximal 
length  of  specimen,  including  a large  part  of  junction  zones.  The 
non  classical  transversal  technique  give  rise  to  several  advantages 
compared  with  helicoidal  one  (25) 

- heating  is  localized  in  the  central  part  of  the  specimen, 
essentially  in  the  junction  zones,  and  sufficient  degrees  of  free 
dom  can  be  adjusted  to  have  the  best  repartition, 

- this  type  of  inductor  is  more  unsensitive  to  possible 
eccentricity  : only  the  longitudinal  position  must  be  respected, 

- the  spires  are  setted  up  after  mounting  the  specimen, 
which  make  easier  mounting-unmounting  operations. 

Temperature  calibration  is  first  obtained  on  one  or  two 
specimens  with  a large  number  of  thermo  copples  in  the  fatigue 
tests,  thermocopples  are  spot  welded  in  junction  zones  and  tern 
perature  control  is  accomplished  by  infrared  technique  (IRCON 
Modline  2000).  Stability  of  the  control  is  checked  by  a total 
radiation  pyrometer  (spectray  90  8885)  in  order  to  take  into 
account  possible  variations  of  emittance  induced  by  oxydation 
1 26,  27 1.  Load,  elongation  and  temperature  measurements  are 
recorded  by  means  of  X Y recorders  and  a HP  2100S  computer 
(magnetic  tapes). 


Cylindrical  tpacimant 


2.2.  Strain  measurements 


2.3.  Material  and  test  results 


The  most  difficult  problem  in  this  high  temperature  range 
is  related  to  the  axial  strain  measurement.  Clipping  of  the 
extensometer  by  means  of  ridges  has  to  be  avoided  owing  to 
stress  concentration  and  premature  crack  initiation  risk  |28| 

The  choosen  method  is  to  measure  total  displacement  between 
the  head  of  the  specimen  either  by  optical  extensometer 
(ZIMMER  OHG  203  X/50)  sighting  the  head  sides  or  by  a 
displacement  transducer  (KAMAN  KD  2300  25,  t 1 25  mml, 
fixed  to  the  gripping  system  In  this  way,  an  effective  gauge 
length  of  the  specimen  must  be  defined  in  order  to  obtain 
inelastic  strain  in  the  central  cylindrical  part 

the  elastic  part  (linear)  is  analogically  substracted  from  the 
n«asured  displacement  U so  as  lo  give  the  inelastic  elongation  : 

u'm  = 

( R is  the  global  stiffness  of  the  specimen,  f is  the  applied 
load), 

- the  inelastic  strain  is  given  by  : 


where  £_*  is  defined  by  the  relation  between  f (or  A F)  and 
U,„  (or  AU„)  and  the  specimen  geometry  |25|.  The  correction 
due  to  junction  rones  are  defined  under  the  uniaxial  approxima 
tion,  neglecting  the  elastic  limit  and  stress  concentration  |26|. 
For  example,  in  the  monotonic  tensile  test  (neglectic  strain 
rate  effect)  the  plastic  behavior  of  the  material  is  approximated 
by  the  power  function 


In  that  case  one  can  show  that  the  equivalent  effective 
length  is  expressed  as  : 


0 C X)  being  the  diameter  of  cross  section  X 

Hence  /_*  depends  only  on  geometry  and  strain  harde 
nmg  exponent  TTf  which  can  be  determined  before  knowing 
L " (relation  lietween  Um and  F is  identical  to  relation 
between  £,n  and  (7  ) 

In  the  case  of  viscoplastic  behavior  or  cyclic  tests,  other 
exponents  can  be  defined  giving  rise  to  different  values  of  /.*, 
but  experience  in  this  area  |25|  has  shown  that  these  different 
values  are  very  close  for  a given  material,  given  temperature, 
given  geometry.  The  method  has  linen  checked  at  room  tempe 
rature  (with  strain  gaugesl  for  monotonic  and  cyclic  tests  and 
by  comparison  with  high  temperature  tests  conducted  in  other 
laboratories 


The  material  is  the  high  temperature  refractory  alloy 
IN  100  which  is  used  in  gas  turbine  blades  in  the  "as  cast" 
conditions  but  with  a protective  coating  Under  French  speci 
fications  (AFNOR)  this  alloy  is  named  NK15  CATu  and  was 
cast  by  SNECMA  with  chemical  composition  and  coating 
procedure  as  follows  * 


% J 

Mini 

Maxi 

c 

0 15 

0.20 

Co 

13 

, 17 

Cr 

8 

11 

Al 

5 

6 

Ti 

4.3 

48 

Mo 

2 

4 

V 

0.7 

1.2 

Zr 

0.03 

0.06 

B 

0.010 

0014 

Mn 

02 

Si 

0.2 

Ni 

Balance 

Vapor  phase  aluminization  coaling  head  treatment 
cleaning  wet  sandblasting  with  quartz  "module  23", 

— trichlorethylen  vapor  scouring, 

- aluminization  at  1150°C,  3 hours.  Argon  cooling 




Typical  properties  for  the  coated  material  are  indicated  at 
room  temperature  and  900,  1000°C  : 


Test  temperature 

Room 

900°C 

1000°C 

Elastic  modulus 

214  000 

160  000 

147  000 

MPa 

(dynamic) 

Yield  strength  (0.2  %) 

770 

560 

MPa 

Ultimate  strength 

890 

715 

470 

MPa 

Reduction  of  area 

- 

4 

12 

% 

10  hour  rupture  stress 

- 

405 

198 

MPa 

100  hour  " 

- 

280 

128 

MPa 

1000  hour  " 

- 

187 

82 

MPa 

Several  type  of  tests  were  performed  during  two  main 
periods  : in  1973  74  1 29,  25|  and  in  1977  |30|  with  two 
different  casts  : compatibility  of  the  results  was  sufficiently 
checked  by  some  high  frequency  fatigue  tests  and  creep  tests 
Additional  results  have  been  obtained  under  repeated  tension 
(5  Hz  frequency)  with  small  plate  specimens  |31|.  (working 
part  : 22  mm  x 8 mm  x 2 mm) 

Table  I summarizes  the  different  types  and  numbers  of 
tests  at  each  temperature.  Other  creep  tests  made  at  SNECMA 
on  uncoated  specimens  haven  been  used  to  define  the  stress 
rupture  curves  (reduction  of  rupture  time  by  a factor  1 6 to  2 
has  been  observed  between  uncoated  and  coated  conditions 
if  stress  is  defined  with  the  total  section  area,  after  coating). 


Chemical  compositions,  material  processing,  heat  treatments  and  mechanical  properties  for  each  tested  alloy,  as  well  as  the  data 
generated  in  the  programme,  are  given  in  Apjiendix  A 1. 
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Table  I 

Review  of  the  different  type* 
of  tests  marie  m ONE  HA 


Temperature  (*'C) 

Type 

/oo 

800 

900 

9b0 

1000 

1100 

Total 

I 

push  pull 

X 

4 



13 

6 

b 

28 

US 

01 

repeated 

two  levels 
(push  pull) 

two  levels 
(repeated) 

♦ 

* 

* 

3 

5 

4 

3 

6 

6 

4 

Creep 

A 



2 

2 

2 

6 

2 

14 

Deep  after  fatigue 



5 

b 

3 

g> 

T> 

2 cpm 

(Triangular) 

U ■ 

• 

— 

1 

b 

3 

9 

O 

<0 

a 

8 

with  liold  times 

1 J ■ 

• 

2 

12 





12 

2 

28 

> 

two  temperature 

▲ 

4 

^ u ^ 

g 

levels 



- 

^ !7  ^ 

|_  108 


The  bold  times  in  this  work  are  relatively  small  (from  1b  s 
to  870  s)  localise  of  ihe  specific  working  domain  of  turbine 
blades  |2| 


2.4  Interpretation 


The  pure  fatigue  tests  with  zero  mean  stress  can  be  user! 
to  define  the  pp  basic  curve  of  the  strain  range  partitioning 
method  (approximately  zero  mean  strain  is  measured  in  the 
majority  of  these  tests)  Figure  3 gives  the  results  for  700,  900. 
1000°C  ; at  1 100°C  creep  effect  seems  not  negligible  even  for 
this  high  frequency  and  number  of  cycle  to  failure  is  approxi 
mately  reduced  by  a factor  3 


Ai,n(%) 


1 


pp  BASE  LINE 

sinusoidal  loading 
5 Hz  frequency 


In  the  viscoplaslic  fatigue  tests  which  have  to  be  used  in 
the  cc.  cp  and  pc  curves,  the  transient  periods  are  fixed  to  15  s 
even  in  the  hold  time  tests  (this  corresponds  to  2 cpm  for  the 
triangular  waves  without  hold  time)  As  a consequence  the 
creep  contribution  to  the  inelastic  strain  is  never  negligible 
in  this  transient  period  obviously  the  zero  hold  time  tests 
show  a large  reduction  in  life  induced  by  creep  mechanisms 

The  problem  is  then  to  separate  the  creep  and  the 
plastic  contribution  in  the  transient  periods  tins  can  be  made 
by  the  "Half  Cycle  Rapid  Load  Unload  Method"  as  indicated 
by  the  NASA  Researchers  |32|  In  a few  special  tests,  after  the 
loop  stabilization,  the  transient  period  is  changed  to  1.5  s for 
one  cycle  and  one  can  measure  the  plastic  component  as  the 
inelastic  strain  in  this  transient  loading  (corresponding  to  the 
stabilized  maximum  stress)  Figure  4 illustrates  schematically 
this  method  and  Table  II  summarizes  the  obtained  results. 

They  can  be  used  to  check  an  empirical  equation  relating  the 
stabilized  transient  inelastic  strain  Cp  to  the  pp  component 
(corresponding  to  higher  strain  rate).  If  the  ratio  of  loading 
rate  is  approximately  10,  we  have 

r'  r ^ * 

(ii  €r  = a 

where  Of  is  equal  to  53  3 for  load  control  and  43.8  for  strain 
control. 

This  empirical  relation  has  been  obtained  by  systematic 
application  of  a cyclic  viscoplastic  constitutive  equation,  which 
gives  a very  good  modelization  of  the  tensile  compressive  high 
temperature  cyclic  behavior  of  IN  100,  including  Bauschinger 
effects,  strain  rate  influence  and  hold  time  effects  |33|.  These 
constitutive  relationships  are  introduced  and  checked  in  the 
next  paragraph. 


Fig  3 The  pp  basic  curve  as  defined  by  b Hz  frequency 
load  controller!  tests 


Fig  4 The  Hell  Cycle  Hepid  loading  uwl 
to  define  the  plastic  contribution 


STRAIN  CONTROL  STRESS  CONTROL 


Stabilized 

High  rate 

no 

Loading 

"c 

tpT 

N 

£'pT 

34 

L 

T i C 20 

154 

154 

0078 

0.053 

907 

1050 

0015 

0.017 

35 

L 

T * C 180 

154 

154 

0 138 

0 068 

165 

0.0195 

214 

00245 

36 

E 

T 300 

185 

248 

0 180 

0 132 

206 

0082 

37 

E 

T 300 

135 

212 

0096 

0 061 

208 

0.017 

38 

E 

C 300 

261 

100 

0 098 

0 088 

256 

0.020 

Table  II 

Result*  of  special  tests  with  the 
half  cycle  rapid  loading,  lotxj'  c 
Units  MPa.  %,  s 


3 - CYCLIC  VISCOPLASTIC  CONSTITUTIVE  EQUATIONS 
3.1.  Phenomenological  approach  of  internal  variables 


At  high  temperature  under  isothermal  cyclic  conditions, 
one  can  underline  the  following  usually  observed  phenomena  : 

monotonic  hardening,  primary  creep,  creep  relaxation 
under  tensile  lor  compressive)  loading  ; tensile  curves  are  de 
(lending  on  the  strain  rate  and  of  the  control  conditions 
(constant  strain  rate  or  constant  stress  rate), 

the  Bauschinger  effect  which  arises  when  compressive 
loading  is  applied  after  a tensile  plastic  prestrain  the  compres 
sive  elastic  limit  is  highly  reduced  but  evanescence  of  this 
effect  is  observed  as  the  compressive  flow  further  progresses, 

— under  successive  cycles  the  material  can  show  either 
cyclic  hardening  or  cyclic  Softening,  until  loop  stabilisation 
is  reached,  which  corresponds  to  an  asymptotically  stable 
cyclic  behavior, 

— other  additional  phenomena  can  be  detected  under 
longtime  operation  as  secondary  creep,  accelerating  or  delay 
effects  under  varying  the  creep  stress,  strain  recovery  after 
unloading 

The  internal  variable  approach  |34,  36)  is  an  interesting 
way  to  simulate  most  of  these  effects  |36|  Under  first  approxi 
mation  it  is  sufficient  to  define  two  specific  hardening  variables 
1 37 1,  : 

the  isotropic  variable  which  can  describe  the  width  of 
the  actual  elastic  domain  in  stress  space  and  is  usually  choosen 
as  the  accumulated  plastic  strain  p 


where  £fdj  are  the  components  of  the  viscoplastic  strain 
rate  tensor  (conventional  summation  is  used)  : this  variable 
is  physically  related  to  the  dislocation  density  variation  from 
an  arbitrarily  initial  state 

— the  kinematic  stress  tensor  (or  internal  stress,  or 
additional  stress  1 38)  , or  friction  stress  1 39 ) ) which  represents 
the  actual  center  of  the  elastic  domain  (also  the  center  of  all 
the  viscoplastic  equipotential  surfaces  or  equidissipation  sur 
faces)  This  variable,  whose  components  are  denoted  Aaj 
represents  macroscopically  the  influence  of  the  microscopic 
internal  residual  stresses  induced  in  the  polycrystal  by  the 
inelastic  strain  incompatibilities  from  one  grain  to  another  |40|. 

In  the  high  temperature  viscoplastic  range  the  equipo 
tentials  can  be  written  with  Von  Mises  criterium  and  a power 
dependence  The  classical  normality  condition  leads  to  the 
following  equation  for  the  viscoplastic  strain  rate  |41| 


(3) 


_ /J(o-x)-R(p) 


K 


O.j  - /xy 

7(o  -x) 


where  tl  and  K are  temperature  dependent  coefficients, 
ojj  and  are  the  deviator  components  of  stress  and 
internal  stress  tensors  The  notation  <44 ) is  defined  by 
<44>att  if  u>0,  0 if  AA^O  T denotes  the  Von  Mises 
invariant  of  the  active  stress  tensor  : 


4 <> 

j(o  /)  = ^o;,-x;,Xc£,-x;,)7 

Rip)  is  .1  given  function  of  the  cumulated  inelastic  strain  p 
which  represents  actual  width  (if  elastic  domain  Schematically, 
an  increasing  function  allows  the  description  of  monot  onic 
hardening  as  well  as  cyclic  hardening  , on  t he  other  hand,  a 
decreasing  one,  in  conjunction  with  the  kinematical  effect  can 
simultaneously  modelize  monotonic  hardening  and  cyclic 
softening.  An  asymptotic  value  is  reached  as  p increases,  in 
order  to  give  stabilization 

The  kinematic  internal  variable  evolution  is  given  by  the 
following  equation 

(4)  - C f(p)(a  Kj  p)  ~ b 

where  C . Q , b . 171  are  temperature  dependent  coefficients 
and  f(p ) is  a given  function,  reaching  an  asymptotic  value 
when  p increases  Tire  first  term  Cl  corresponds  to  the 
linear  kinematic  hardening  |42|,  the  second  one  describing  the 
evanescent  strain  memory  effect  as  introduced  by  Armstrong 
and  Frederick  1 43 1 in  accordance  to  the  "delay  trace  hypo 
thesis"  of  Ilyushin  |44|  These  two  terms  give  rise  to  a non 
linear  kinematic  hardening,  where  the  dependence  between 
the  internal  stress  and  the  plastic  strain  is  not  unique  : under 
tensile  compressive  loading  for  example  the  internal  stress 
plastic  strain  relation  accounts  for  hysteresis  loops  as  seen  on 
figure  5 for  IN  100  alloy  In  particular  this  allows  a good 
description  of  the  Bauschinger  effect  and  function  f(p)  is 
sufficient  to  modelize  the  small  cyclic  softening  observed  on 
IN  100 


Fig  6 First  cycle  of  d str«m  controlled  test 
Evolution  (rf  the  inter ridl  stress  (IN  100  1000° Cl 


The  last  term  in  the  equation  (4)  describes  the  time 
recovery  phenomena,  effectively  observed  under  long  time 
operation,  with  or  without  macroscopic  plastic  strain  modifi 
cations  here  the  power  dependency  is  in  accordance  with 
works  of  Bever  |4b),  Malinin  and  Khadj insky  |38|,  and 
Lagneborg  for  an  analoguous  dislocation  density  recovery 
model  (isotropic  hardening)  |46| 

Under  one  dimensional  tensile  compressive  loading  the 
constitutive  equations  can  be  written  as 


id;  * ' m 

A - C - X tr)  - t>  |X|  yx) 

ip  = id,) 

Now,  t he  values  of  K , C , Of  , b are  easily  deduced  from 
the  corresponding  ones  of  the  three  dimensional  equations 
Usually,  it  is  sufficient  to  suppose  functions  f(p)  and  R(p) 
of  exponential  type 

l(?r)  = e + (4-0  e p£r 
R(?r)=  k + &[i-  e 

k and  kifi  are  respectively  the  initial  and  asymptotic  values 
of  the  elastic  domain  width 

It  must  be  underlined  that  these  constitutive  equations 
are  thermodynamically  acceptable  as  showed  by  the  internal 
state  variable  approach  which  allows  to  formulate  equations 
in  accordance  with  the  First  and  Second  Laws  : this  is  of 
great  physical  importance  for  justification  of  basic  asumptions 
In  the  low  temperature  regime,  where  time  independent  plas 
ticity  is  a sufficiently  good  approximation,  these  equations 
can  be  easily  extended  (43,  47) 

3.2.  Application  to  IN  100  alloy 

For  this  alloy,  high  temperature  elastic  domain  is  suffi 
ciently  small  to  be  neglected  with  RUr)-  0 , the  other  coeffi 
cients  being  determined  by  identification  with  monotonic  and 
cyclic  test  results.  At  100Q°C,  they  are  : 

ft=8,  K=  455,  <7=  140,  6=1150,  tn-8, 

0.17  10  n 

The  cyclic  softening  is  sufficiently  well  described  by  the 
function  : 

* -400  5 

= o.  6 + o A e ^ 

which  allows  stabilization  after  a few  cycles  only  Under 
cyclic  loading  (with  hold  times  smaller  than  1 h)  the  time 
softening  term  can  be  neglected  so  that  five  coefficients  only 
are  needed  in  order  to  describe  the  asymptotic  state  and  two 
more  for  the  description  of  monotonic  tests  and  cyclic 
softening 


Validation  has  been  made  with  primary  creep  tests  and 
tensile  relaxation  as  well  as  for  the  cyclic  softening  (see  for 
example  1 33  or  36 1 ) The  figure  5 shows  the  first  cycle  of  an 
elongation  controlled  test  (triangular  wave)  in  the  stress  inelastic 
strain  diagram,  where  comparison  is  very  good  with  the  chooser) 
coefficients  Also  several  comparisons  can  be  marie  on  figure  6 
for  stress  or  elongation  control  (with  or  without  hold  times) 

For  the  stabilized  cyclic  conditions  < <£-*oo)  possibilities 
of  the  model  are  demonstrated  in  the  stress  range-inelastic 
strain  range  diagram  7 for  several  test  controls,  including  hold 
time  effects.  Also  the  5 Hz  frequency  tests  are  satisfactorily 
predicted,  which  underlines  the  adequacy  of  strain  rate  influence 
in  the  equations.  Effect  of  the  period  in  cyclic  creep  tests  is 
shown  on  figure  8.  Examples  of  initial  or  stabilized  loops  are 
showed  on  figure  9 
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Fig  7 Effect  of  hold  time  and  frequency  on  the  relation  between 
stress  range  and  inelastic  strain  range 
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Fig  H Effect  of  cycle  period  in  the  cyclic  creep  tests 
(the  transient  part  of  the  cycle  is  30  s) 


Fig  9 - Examples  of  initial  and  stabilized  loops 


4 X 


All  these  comparisons,  summarized  in  figure  10.  de 
monstrate  the  efficiency  of  the  proposed  constitutive  equa 
tions  and  the  accuracy  of  coefficients.  The  comparison  is 
also  made  for  the  higher  strain  rale  results  in  the  special  tests 
(for  tins  rapid  loading  the  initial  conditions  are  introduced  as 
results  from  the  stabilized  calculated  loop)  Results  of  the 
systematic  numerical  study  of  this  type  of  special  tests,  are 
indicated  in  figure  1 1 as  interpreted  by  the  empirical  equation 
( 1 ) with  influence  of  the  ratio  of  loading  rates  ( o(a  0 4 and 
(J—  134  or  1 10  for  load  or  strain  control) 

Additional  possibilities  of  the  constitutive  equations  can 
be  demonstrated  by  two  simulations  of  typical  cyclic  tests 
figure  12  shows  an  example  of  materia!  with  large  cyclic  har 
den  mg,  figure  13  corresponding  to  the  same  tests  with  a pro 
nouriced  cyclic  softening  The  stabilized  loops  are  shown  as 
saturated  lines  Also  two  cases  of  stress  control  (cyclic  hardening) 
are  shown  in  figure  14,  one  of  them  giving  rise  to  strain  ratchc 
ttrng  (unsymmetncnl  loading). 


rig  10  Measured  and  calculated  values  of  the  stabilized  inelastic  strain 
ranges.  of  (lie  transient  inelastir  strains  and  of  the  plastic  components  dS 
defined  Iry  rapid  loading 


Fig  YJ  Fxamples  of  simulation  with  large  cyclic  hardening 
(strain  controlled  tests  zero  mean  strain,  zero  minimum  sirain, 
high  low  strain  rates,  tensile  hold  period) 
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Fig  13  Fxamples  of  simulation  with  large  cyclic  softening 
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Fig  11  Values  of  plastic  component  obtained  from  empirical  equation 
as  a function  of  the  calculated  or  measured  ones 
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4 - STRAIN  RANGE  PARTITIONING 

4.1 . Determination  of  the  four  banc  lines 

The  problem  is  now  to  obtain  the  four  SRP  basic  failure 
lines  from  the  test  results  (parag  2.4)  in  accordance  with  the 
preliminary  study  of  the  plastic  part  of  transient  inelastic  strain. 

Firstly  the  pp  line  is  directly  defined  by  the  pure  fatigue 
test  results  (5  Hz  frequency)  as  shown  on  figure  3.  In  each  of 
the  low  frequency  tests  the  transient  inelastic  strain  is  measured 
on  the  stabilized  loop  (tensile  ami  compressive) 

The  empirical  equation  (1),  checked  by  some  special  test 
results  (parag  2 4)  and  by  the  numerical  study  based  on  consti 
tutive  equations  (parag.  3.2),  is  used  in  order  to  define  the 
plastic  component  in  tension  and  in  compression  for  each  stabi 
lized  loop  values  of  (£fc)  are  obtained  from  measured 
values  of  transient  inelastic  strains  £ft  (tfc ) In  relation  (1) 
the  ratio  of  usual  transient  period  to  the  rapid  load  unload 
period  has  been  taken  as  10,  which  leads  in  this  rapid  loading 
to  strain  rates  of  about  0 5 10  2 to  10  J s 1 

Strain  partitioning  of  the  loop  is  now  very  easy  by 
relations  : 

A&PP  = Mm  (drt  , ) 

(6i  &ccc  = - a*  U’t , ) 

A£pc  = (Atm  -A4c £'r.y 

where  €.ft  and 
siva  parts  of  the 
Is  defined  by 


C'f  denote  the  plastic  tensile  and  compres 
inelastic  strain  range  symbol  < • > 

<( 


M 

0 


<( 


U>0 
U < 0 


Fig  14  Cyclic  hardening  simulation  tor  stress  continued  lesls 

The  results  have  I teen  indicated  on  the  SHP  summary  record 
sheets  The  corresponding  strain  ratios  are  obtained  by  1*111,1 
lions  of  the  type 

(7)  F.,a  = 

J Atm 

Now  the  cc  basic  failure  is  determined  by  the  cyclic 
creep  tests  and  some  elongation  controlled  tests  (without 
hold  time),  where  Adp,  = A£,^  - O : 

is)  Ncc  (Atin)  = - F“ 

A. hr 

Nr  N^fAU) 

where  A/r  is  the  number  of  cycles  to  complete  failure  in  the 
tests.  Figure  15  shows  this  cc  basic  curve  and  quasi  independence 
on  temperature  is  observed  (900  and  1000°C) 


Fig.  15  The  cc  basic  curve  as  defined  by  cyclic  creep  tests 
and  some  strain  controlled  tests 
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The  cp  baseline  (or  the  pc  one)  is  obtained  by  the  other 
tests  by  taking  into  account  the  influence  of  A^f^and  A£cc 
by  equation  of  the  type 


(9) 


Ncp  (M  J = 


J*L_ 

_£fy> f~Ct 

Vf>p(M,n) 


NJAU 


Nr  being  the  number  of  cycles  to  complete  fracture  in  the 
cp  (or  pc)  test  The  figure  16  indicates  the  two  curves  dis 
persion  is  more  important,  probably  because  of  the  relatively 
small  values  of  Fcp  or  Fpc  ratios  in  the  tests  The  four 
lines  are  plotted  on  figure  17  as  interpreted  by  the  following 
l>ower  expressions  ( is  in  % units) 

-U5 

(10)  ^PP  = 1 

Ncc  = 8.6  A£~f 

Ncp  = 4.3  hCt 
Npc  =33.3  AC,^ 


Fig  16  The  cp  and  pc  baselines 


Fig  16  Predicability  of  the  two  methods 
(from  measured  stabilized  loops) 

«) Strain  Range  partitioning, 
b)  Continuous  Damage  approach 


► 


Fig  17  Tlte  four  lines  of  the  Strain  Range  Partitioning 


Differences  between  these  relations  are  not  very  important 
for  the  IN100  alloy,  as  shown  also  by  other  laboratories  |48]. 
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All  the  results  of  this  analysis  are  summarized  in  table  III 


4.2.  Predicability  of  the  SRP  Method 

The  aame  tests  can  be  used  in  a reversed  predictive 
analysis  : test  measurement  of  strain  ratios  fuj  allows  to 
prediction  of  number  of  cycles  to  fracture  Mp  by  the  damage 
summation  : 


J_  _ He  + Jks.  + He  + ^pc 

Nr  Npp  f\lcc  N<rp  Npc 

where  the  nominal  Naj  are  defined  by  relations  (10)  from  the 
measured  inelastic  strain  range  Results  agree  reasonably  well 
(table  VI  and  figure  18a),  even  for  tests  which  were  not  inclu 
ded  in  the  baseline  determination.  However,  two  special  cyclic 
creep  tests  (n°  44  end  45),  with  reversed  loading  conditions 
but  tensile  hold  time  only,  show  ratchetting  effect  and  consi 
derably  lower  life  as  predicted  by  strain  range  partitioning 
Next  paragraph  will  show  the  better  predictions  in  that  case, 
when  creep  damage  is  explicitely  included  in  the  analysis 


Table  III  - Results  of  the  partitioning  analysis 


n° 

T 

con 

trol 

Ac 

in 

FPP 

u 

“-0 

Fcp/pc 

■ 

nr 

d 

Ncc 

N 

cp  pc 

cc 

28 

900 

E 

0 156 

0.42 

0.58 

300 

715 

212 

34 

1000 

E 

0 065 

0.192 

0.808 

2520 

3310 

2384 

40 

900 

L 

0 1 74 

0.613 

0.387 

299 

590 

168 

42 

L 

0.082 

0.358 

0.642 

1130 

2205 

888 

49 

L 

0 042 

0.195 

0.805 

4014 

7110 

3630 

51 

1000 

L 

0.520 

0.212 

0 788 

24 

87 

20 

54 

900 

L 

0.258 

0.350 

0.650 

159 

297 

127 

55 

1000 

L 

0 175 

0.250 

0.750 

263 

585 

222 

56 

900 

L 

0 164 

0.324 

0.676 

338 

655 

274 

57 

1000 

L 

0 11  1 

0 20 

0 80 

800 

1300 

730 

N5 

900 

L 

0 245 

0 353 

0 647 

200 

325 

165 

N6 

L 

0 165 

0 193 

0 807 

294 

650 

260 

N32 

1000 

L 

0 172 

0.210 

0.790 

568 

603 

559 

N34 

L 

0.078 

0.140 

0.860 

3108 

2406 

3262 

N35 

L 

0 138 

0 125 

0 875 

954 

886 

964 

— 

— 

— 

— 

— 

cp 

36 

1000 

E 

0.392 

0.540 

0 255 

0.205 

64 

143 

56 

28 

39 

900 

E 

0.180 

0.315 

0 440 

0 245 

239 

556 

265 

125 

N7 

E 

0.070 

0.060 

0.840 

0.100 

>1500 

2910 

1755 

> 600 

N8 

E 

0.080 

0.120 

0.770 

0.110 

1493 

2300 

1350 

2450 

N36 

1000 

E 

0.180 

0.300 

0.492 

0 208 

243 

556 

265 

12, 

N37 

E 

0.096 

0.125 

0 735 

0.140 

870 

1675 

933 

487 

pc 

37 

1000 

E 

0.390 

0.520 

0.260 

0.220 

107 

144 

57 

193 

N9 

900 

E 

0.102 

0.1  10 

0 640 

0.260 

944 

1505 

827 

1180 

N 1 0 

E 

0.105 

0.090 

0.670 

0.240 

764 

1430 

780 

620 

N 1 2 

" 

E 

0.196 

0.280 

0.210 

0.510 

250 

480 

224 

206 

N 1 3 

1000 

E 

0.255 

0.300 

0.280 

0.420 

268 

303 

132 

677 

Table  IV  - Results  of  tests  with  changing  temperature  and  stress  after  cycles  Predictions  by  the  two  methods. 


Failure  : Nj  + N2 

no 

Vc 

T’ 

N, 

Ac  ml 

Atpp, 

T2 

°2 

Acm2 

Ac  pp2 

Test 

SRP 

C D 

15 

0 
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411 

200 

0.125 

0.058 

1000 
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0.048 

0.007 

1948 

30,5 

4133 

16 

20 

900 

411 

100 

0.320 

0 137 

1000 

171 

0.118 

0.029 

349 

175 

969 

,7 

180 

900 

411 

30 

0.455 

0.126 

1000 

171 

0.180 

0.0375 

181 

,50 

130 

It 

0 

900 

342 

600 

0.070 

0.020 

1000 

171 

0.047 

0.0075 

1889 

3465 

3444 

tf 

0 

900 

342 

850 

0.069 

0.020 

1000 

171 

0.050 

0.0106 

1980 

3012 

1096 

JO 

0 

1000 

171 

2200 

0055 

0.011 

900 

342 

0.040 

0.0082 

2622 

3815 

2586 

99 

0 

1000 

171 

875 

0055 

0.011 

900 

342 

0.043 

0.085 

1968 

4420 

1436 

99 

<OD 

1000 

171 

160 

0 172 

0.029 

900 

342 

0.032 

0.0940 

264 

210 

192 

JO 

'0 

1000 

171 

1 

160 

___ 

0215 



0032 

900 

4,1  J 

0485 

0.1090 



186 

169 

168 
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A few  additional  tests  at  800  and  1 1 10°C  are  also  included 
in  this  analysis.  Results  are  less  accurate  which  indicate  an 
effect  of  temperature,  but  no  sufficient  number  of  tests  have 
been  performed 

More  significant  is  the  verification  by  the  special  cyclic 
creep  tests  with  varying  temperature  and  stress  in  two  blocks  : 
a first  level  at  temperature  T 1 with  stress  Qj  is  applied  for  a 
given  number  of  cycles;  after  unloading,  temperature  is  changed 
to  T2  and  cycling  under  stress  is  continued  until  fracture 
with  the  same  wave  form.  Results  of  the  tests  are  reported  on 
Table  IV  for  the  two  blocks.  Only  pp  and  cc  components  are 
present  and  life  prediction  can  be  made  by  linear  damage 
cumulation  as  follows  : 


(12) 


% 

J_ 

IV 


N_.i  + 


Fpn  + 

Jm  + 

1 ^ 

Npfz 

Nig  

A 

Ne 


The  last  equation  allows  to  predict  the  total  number  of 
cycles  to  fracture  by  : 

(13)  Nr  = N,  + Nz  = (i  - jV)  + V 

Predictions  with  this  method,  as  indicated  in  Table  IV,  are  in 
good  accordance  with  experimental  results  : this  can  also  be 
seen  with  comparisons  made  on  figure  18a. 

From  the  whole  study  the  strain  range  partitioning 
approach  seems  sufficiently  accurate  to  adequately  describe  the 
high  temperature  low  cycle  fatigue  test  results  and  to  predict 
with  simple  equations  the  number  of  cycles  to  failure  under 
complex  wave  forms  and  with  step  loading  with  varying  tern 
perature  The  applicability  of  the  linear  cumulation  rule  is 
checked  in  the  present  case  where  inelastic  strain  components  are 
of  the  same  order,  but  seems  more  doubtful  in  hypothetical 
situations  with  large  differences  in  strain  components  as  in  the 
case  of  isothermal  two-step  stress  controlled  tests  (parag.  5.1). 
Another  difficulty  arises  when  inelastic  strain  ranges  are  too 
small  (number  of  cycles  to  failure  higher  than  5000)  : test 
results  can  be  extrapolated  by  the  power  functions  (10)  but 
this  approach  seems  not  very  useful  for  the  structure  life  pre 
dictions  because  on  the  low  degree  of  confidence  on  the  small 
calculated  plastic  strains. 


crack  initiation  can  be  described  from  a macroscopic  continuous 
damage  concept  : the  damage  internal  variable  (or  damage  struc 
tural  parameter  ( 49 1 ) defines  the  actual  strength  of  the  material, 
taking  in  account  the  microscopic  deteriorations  induced  by  the 
cyclic  loading  The  relation  between  the  density  of  microscopic 
cracks  or  voids  and  the  value  of  damage  is  only  phenomenolo 
gical  for  example  the  reduction  in  elastic  modulus  in  the  last 
part  of  the  life  or  the  reduction  of  apparent  yield  strength  can 
be  used  to  measu.e  damage  (21.  50|. 

This  approach,  initially  introduced  by  Kachanov  ( 1 8 1.  and 
Rabotnov  1 19|  for  the  creep  rupture  process,  needs  the  def ini 
tion  and  the  determination  of  differential  damage  equations,  that 
is  constitutive  equations  which  govern  the  evolution  of  damage. 
Usually  damage  D is  taken  as  0 in  the  initial  undamaged  state 
and  1 when  specimen  fails  (which  corresponds  to  a macroscopic 
crack  initiation).  This  continuous  damage  approach  has  been 
extended  recently  to  the  fatigue  process  (22|,  the  creep  fatigue 
interaction  1 23,  24 1,  the  monotonic  tensile  failure  |20,  50,  51 1. 
Also  the  three  dimensional  generalisation  of  the  damage  state 
variable  and  of  the  damage  constitutive  equations  has  been  esta 
blished  (41 1.  especially  in  the  creep  range  [52|,  with  particular 
reference  to  prediction  of  creep  rupture  in  structures  (53,  54 ] . 

It  must  be  underlined  that  the  present  damage  theory  is  very 
different  from  the  classical  time  fraction  rules  as  reviewed  by 
Ellison  and  Smith  |49]  (especially  with  linear  cumulation  as 
in  [ 55,  56,  57()  : based  on  residual  strength  of  the  material 
(in  a strain  sense),  the  present  approach  gives  results  similar  as 
the  Remaining  Life  Concepts  ( 58). 

Under  high  temperature  loading  we  can  schematically 
distinct  two  main  deterioration  processes  : the  time  dependent 
creep  deterioration  (constant  load  or  slowly  varying  load),  which 
corresponds  to  microscopic  intercrystalline  cracks  initiation  and 
propagation  [49,  59],  the  cycle  dependent  fatigue  damage  for 
which  microscopic  cracking  is  more  transgranular  (60,  6 1 J.  The 
last  phenomenon  can  be  identified  by  pure  fatigue  tests,  running 
at  frequency  sufficiently  high  in  order  to  give  negligible  creep 
effects. 

When  the  two  processes  are  simultaneously  induced,  which 
can  be  the  case  in  low  frequency  high  temperature  fatigue  tests, 
the  two  damage  increases  have  to  be  added  with  possibility  of 
non  linear  interaction.  Then  the  general  constitutive  equation  for 
damage  growth  is  in  the  tension-compression  case  : 

<14>  dD  = f(< 7,  D,T)dt  + D,  T)  dN 


With  the  objective  of  life  prediction  methods  for  structures 
where  plastic  strain  ranges  are  relatively  small,  or  when  ratchet 
ting  effects  can  occur,  especially  in  the  turbine  blades,  the 
damage  approach  gives  another  way  to  take  into  account  the 
high  temperature  creep  and  fatigue  effects.  This  approach  is 
illustrated  in  the  next  paragraph. 


Non  linear  interaction  can  arise,  due  to  the  presence  of  D 
in  the  two  terms  : creep  damage  increase  (first  term)  induces 
acceleration  of  fatigue  damage  increase  (second  term)  and  so  on 
T is  the  temperature,  0*  and  & are  respectively  the  maximum 
and  the  mean  stress  in  the  actual  cycle. 


5 - CONTINUOUS  DAMAGE  APPROACH 

5.1.  Development  and  determination  of  basic  equations 

Under  high  temperature  conditions,  the  low  cycle  fatigue 


The  functions  f and  $ can  be  choosen  in  order  to 
describe  some  of  the  usually  observed  phenomena,  and  are  res 
pectively  determined  by  creep  test  results  and  the  pure  fatigue 
test  results.  For  the  creep  process  it  is  generally  sufficient  to 
use  the  Rabotnov  equation  as  : 


4-1.1 


dD  = (4-D)k  dt 

Table  V - Coefficients  of  the  creep  damage  and  fatigue  damage  models 


where  A . K , k are  coefficients  depending  on  temperature. 
The  creep  rupture  time  is  now  modelized  by  : 


The  coefficients  are  determined  by  the  creep  rupture  as 
well  as  by  identification  with  the  tertiary  creep  curves,  which 
are  we  I simulated  by  introducing  damage  in  the  viscoplastic 
constitutive  equations  1 19.  53,  21,  36].  Let  us  note  that  equa 
tion  (15)  leads  to  a linear  cumulation  when  step  creep  tests  are 
considered  1 24 1 
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The  fatigue  damage  process  is  well  described  by  the  folio 
wing  equation  1 22] 


(17) 


which  can  easily  be  integrated  under  periodic  loading  to  give 
the  number  of  cycles  to  failure  : 


(181  Nf  = . 

F (is+^-oUa^cf)] 


ri(d)  J 


The  functions  o<  and  M can  be  choosen  so  as  to 
accurately  define  the  fatigue  limit  and  the  monotonic  failure  : 

cx (a„  , a)  = A - a S 

a — Oft 

ot*(d)  = at+  (A-  LfLt) ar 

(19)  _ 

M.  (<-!>&) 

£1  , M,  , /®  are  temperature  dependent  coefficients.  O'* 
is  the  ultimate  tensile  strength  (which  corresponds  here  to 
Nr  = 0 ),  Gt  the  fatigue  limit  under  completely  reversed 
loading  (which  gives  M,-eo).  Influence  of  mean  stress  is  intro- 
duced by  a linear  dependence  in  accordance  with  a large 
number  of  room  temperature  test  results  [62,  63]  ; C/  is  the 
fatigue  limit  (expressed  in  maximum  stress)  for  non  zero 
mean  stress.  The  coefficient  b can  be  considered  as  tempera 
ture  independent  ; value  0.78  is  used  for  IN100. 

The  coefficients  aredetermined  by  knowing  the  fatigue 
limit  for  different  values  of  mean  stress  and  the  Wohler  curves. 
The  coefficient  a is  obtained  from  damage  measurements  in 
some  fatigue  tests.  All  coefficients  are  indicated  in  table  V. 

An  interesting  property  of  the  model  is  to  give  non 
linear  cumulation  effects  [22]  : in  the  two  level  test  for  exam 
pie  integration  of  (17)  leads  to  : 


Fig.  19  - Whohler  curves  of  alloy  IN100  as  described  from  the  fatigue 
damary;  equation  (17). 


with  p = °*<  ~ ~ 

Ofz  - CTu-C7«, 


where  is  the  number  of  cycles  to  failure  corresponding 
to  periodic  cycling  with  On, , , Nft  being  the  value 

corresponding  to  Ont,  Oz  These  equations  give  similar 
effects  as  the  Double  Linear  Damage  Rule  [64]. 

Applicability  of  the  model  has  been  established  for 
various  materials  at  room  or  at  high  temperature  1 22,  41), 
especially  for  the  alloy  IN100  as  shown  on  figure  19  for  the 
Wohler  curves  and  on  figure  20  for  non  linear  cumulation 
in  two  level  tests  (frequencies  are  5 or  10  Hz). 
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Fig  20  Prediction  of  two  stress  level  tests. 


5.2.  Prediction  of  creep-fatigue  interaction 

At  high  temperature,  under  low  frequency  cycling  (or 
holdtimes)  the  creep  and  fatigue  damage  processes  can 
interact  as  predicted  by  damage  equation  (14)  with  the  sepa 
rately  determined  functions  f and  j . For  the  IN  100  alloy 
creep  damage  under  compressive  loading  is  supposed  to  be 
identical  to  the  tensile  one,  leading  to  a lower  bound  prediction. 
Different  materials  could  be  considered  with  zero  compressive 
damage  effect  |65]  or  special  cyclic  creep  tests  could  be  used 
to  determine  the  compressive  influence  [ 66)  including  possi 
bility  of  an  healing  effect  1 49,  67). 


Table  VI  gives  the  predicted  and  experimental  results 
for  low  frequency  and  holdtime  tests  and  figures  21  and  22 
show  the  comparisons  as  functions  of  stress  or  strain  ranges 
and  as  a function  of  cycle  period.  Nc  is  the  number  of  cycles 
to  failure  which  could  be  predicted  by  neglecting  pure  fatigue 
damage  : 


At  being  the  cycle  period. 


Equation  (14)  is  numerically  integrated  for  a given  stress 
cycle  in  order  to  obtain  the  number  of  cycles  to  failure 
Nr  under  creep  fatigue  conditions.  For  strain  controlled 
tests  the  measured  stabilized  stress  response  is  used  : this 
approximation  is  justified  because  of  cyclic  softening  taking 
place  m the  first  period  and  the  stress  decrease  induced  by 
damage  increase  in  the  last  part  of  the  test. 
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Fig  22  Continuous  damage  prediction  of  period  influence 
in  cyclic  creep  tests 
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Fig.  21  Continuous  damage  predictions  of  elongation  controlled 
tests  in  the  strain  range  diagram 
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Table  VI  Calculation  of  number  of  cycle  to  failure  with  the  two  methods  from  the  measurer!  stabilized  loops 
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The  two  temperature  level  tests  are  also  correctly  predicted 
by  the  method  results  are  indicated  on  table  IV  as  well  as 
in  figure  23  which  summarizes  relation  between  predicted  and 
measured  lives.  Pu»e  fatigue  tests  including  two  level  tests, 
pure  creep  tests  and  creep  after  fatigue  tests  1 30,  41 ) (time 
to  failure  in  minutes)  are  also  plotted.  Differences  are  generally 
less  than  a factor  of  two,  which  checks  this  continuous  damage 
approach. 

In  that  case  the  low  frequency  fatigue  tests  are  correctly 
predicted  from  only  creep  and  pure  fatigue  datas,  which 
extends  the  range  of  applicability  from  static  to  high  frequency 
tests  as  well  as  to  non  periodic  loading  (taking  into  account 
non  linear  cumulative  effects). 


Fig  23  Correlation  of  measured  and  calculated  lives  from  the 
continuous  damage  approach. 


6 - APPLICABILITY  OF  THE  TWO  METHODS  FOR  THE 
PREDICTION  OF  CRACK  INITIATION  IN  STRUCTURES 

The  prediction  of  crack  initiation  in  structures  working 
at  high  temperature  is  generally  decomposed  into  successive 
steps  1 2 1 : 

definition  of  structure  geometry,  cyclic  loading 
conditions  and  temperatures,  including  thermal  gradients, 
elastic  viscoplastic  analysis  in  order  to  obtain  the 
stabilized  stress  strain  cycle  in  the  most  critical  areas, 

application  of  the  failure  criteria  to  give  the  number 
of  cycles  to  crack  initiation. 

The  application  of  the  two  studied  failure  prediction 
methods  present  some  specific  difficulties 

The  SRP  method  needs  plastic  and  creep  separation 
of  the  inelastic  strain  under  cyclic  variable  temperature 
conditions  this  partitioning  could  be  the  result  of  a full 
plastic  and  viscoplastic  structure  analysis,  but  this  type  of 
analysis  is  less  practicable  than  the  viscoplastic  one 


The  continuous  damage  approach  demands  to  integrate 
the  damage  equations  over  the  life  : in  actual  structural 
situations  where  equilibrium  equations  have  to  be  solved,  this 
is  unpracticable  and  one  simplification  is  to  consider  only 
the  stabilized  cycle  and  to  neglect  the  stress  redistribution 
effect  induced  by  damage  increase  (this  effect  is  often  bene 
ficial  to  the  life  especially  in  structures  where  cyclic  thermal 
loading  is  of  particular  importance). 

In  order  to  compare  the  two  methods  under  conditions 
close  to  the  problem  of  structural  analysis,  the  tension  com 
pression  isothermal  tests  are  reexamined  with  the  following 
procedure  : 

— Inputs  of  the  calculations  are  the  control  functions 
(stress  or  elongation). 

The  cyclic  viscoplastic  constitutive  equations  are  used 
in  order  to  calculate  the  stress  and  the  inelastic  strain  evolu 
tions  in  the  stabilized  cycle, 

— The  rapid  load  unload  method  is  automatically  used 
to  separate  the  plastic  component  in  the  tensile  and  compres 
sive  transient  periods  (1.5  second  for  this  rapid  loading  un,  jr 
stress  control)  ; application  of  the  SRP  relations  (10)  and  (11) 
gives  the  number  of  cycles  to  failure  as  predicted  by  this 
first  method. 

- The  calculated  stress  cycle  is  used  in  integration  of 
damage  equations  (it  is  supposed  to  be  periodic  for  the 
whole  life  of  the  specimen)  which  leads  to  the  damage  pre 
diction  of  the  number  of  cycles  to  failure 


Fig  24  Companion  of  prediction*  t>y  the  two  methods  with 
the  nieaiureri  hws  lvalues  of  futile  VI) 


Table  VII  Failure  predictions  from  stabilized  calculated  loops  as  obtained  by  vtscoplastic  constitutive  equations 
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Results  of  these  numerical  predictions  are  presented  in 
table  VII  for  the  tests  performed  at  1000°C.  Comparison  of 
the  calculated  lives  with  the  measured  ones  can  be  made  on 
figure  24  The  two  life  prediction  methods  give  rise  to  the 
same  order  of  difference  (about  a factor  two),  which  check 
their  applicability  in  cases  where  either  the  stress  and  the 
inelastic  strain  have  to  be  calculated,  especially  in  strain 
controlled  tests  : in  that  case  test  results  and  calculated  lives 
are  compared  on  figure  25  as  a function  of  strain  range  We 
can  remark  that  the  two  rules  of  life  prediction  permit  to 
bound  the  actual  lives.  It  can  be  noted  that  Strain  Range 
Partitioning  gives  smaller  hold  time  influence  in  strain  contro 
lied  tests  as  the  continuous  damage  (figure  26)  : this  is 
because  on  the  small  increases  in  inelastic  strain  induced  by 
increasing  hold  time  1 68 1 . Creep  damage  however  is  effecti 
vely  increased  as  shown  on  several  materials  1 49.  68 1 and  C D 
gives  more  conservative  predictions  for  large  hold  times.  Figure 
27  shows  correlations  between  time  *o  failure  and  cycle 
period  (continuous  cycling  with  triangular  waves  and  tensile 
hold  time  tests)  predictions  by  the  Strain  Range  partitioning 
allows  to  a linear  relationship  as  observed  on  several  alloys 
1 49 1 . 
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Fig  26  Prediction  of  tensile  hold  time  influence  in  strain  controlled  tests 


time  to  future  [hours) 


Fig  25  Strain  range  and  life  predictions  by  the  two  methods 


Fig  27  Predictions  of  time  to  failure  under  continuous  cycling 
and  hold  time  tests. 
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As  a results  of  this  comparative  analysis  we  can  conclude 
to  assess  the  efficiency  of  the  two  life  prediction  procedures 
when  associated  to  a well  defined  viscoplastic  constitutive 
equation  (in  order  to  correctly  solve  the  equilibrium  of  the 
structure).  Moreover  the  two  methods  can  bound  the  actual 
life,  even  if  the  viscoplastic  behavior  (or  the  structure  calcula 
lions)  are  only  approximate  : as  shown  schematically  in 
figure  28  for  the  strain  controlled  tests,  an  overestimate  of  the 
stress  range  corresponds  to  an  underestimation  of  the  inelastic 
strain  range  This  compensation  effect  allows  us  to  underline 
the  practical  interest  for  life  prediction  in  structures,  of  apply 
the  two  methods  simultaneously  in  the  high  temperature 
structural  design. 


Fig  28  Schematic  drawing  of  the  compensation  effect 
when  applying  the  two  life  prediction  methods  from 
results  of  viscoplastic  analysis. 

(Example  of  strain  controlled  tests!. 


7 - CONCLUSION 

For  the  alloy  IN100  (alumine  coating)  the  two  studied 
methods  are  good  enough  to  give  laboratory  life  predictions 
which  differ  from  the  experimental  life  by  a factor  less  than 
two  Moreover  in  addition  to  cyclic  viscoplastic  constitutive 
equations,  these  methods  can  predict  number  of  cycles  to 
failure  from  the  control  parameter  only  (stress  or  elongation 
waveform)  It  has  been  mentioned  that  Continuous  Damage 
gives  better  simulation  fo'  large  tensile  hold  times  because 
on  the  small  corresponding  inelastic  strain  increases  |68|. 

However  each  of  them  present  some  specific  conve 
niences  as  regards  their  range  of  applicability  as  well  as  the 
difficulties  of  corresponding  analysis  for  structure  life  predic- 
tions 

- the  Strain  .fange  Partitioning  is  very  adequate  to 
describe  the  intermediate  range  of  frequency  including 
effects  of  compressive  flow  on  the  tensile  one  and  differences 
between  tensile  and  compressive  damage  . but  the  non  linear 
damage  cumulation  cannot  be  predicted  (with  non  periodic 
cycling)  and  difficulties  arise  when  inelastic  strain  are  small 
The  Continuous  Damage  Approach  covers  a larger 
range  of  test  conditions,  including  static  creep  tests,  high 
cycle  fatigue,  mean  stress  or  mean  strain  effects,  non  linear 
cumulative  effects,  but  its  application  is  presently  limited  to 
materials  showing  similar  damaging  influence  for  compressive 
loading  than  tensile  one  and  where  cyclic  hardening  is  not 


too  important  (which  could  lead  to  creep  summation  higher 
than  1 |69|),  Further  studies  are  needed  in  order  to  include 
these  effects  as  well  as  some  healing  phenomena  induced  by 
the  compressive  part  of  the  cycle  1 49). 

— From  the  fundemental  point  of  view  the  continuous 
damage  is  more  justified,  especially  in  its  thermodynamical 
aspects  |36|  , than  the  strain  partitioning,  which  needs  some 
arbitrary  separation  between  plastic  and  viscoplastic  flow. 

As  a consequence,  the  damage  approach  can  be  more  easily 
generalized  to  the  three  dimensional  case  [41,  52],  but  its 
application  to  actual  situations  is  also  more  complex  and 
numerical  calculations  are  always  needed 

- For  crack  initiation  prediction  in  structures,  the  SRP 
method  seems  applicable  until  the  inelastic  strain  range  is 
sufficiently  large  to  overcome  the  uncertainties  of  calculations 
and  if  the  ratchetting  effect  is  small,  bts  application  under 
non  isothermal  cyclic  conditions  (with  thermal  gradients) 
needs  the  use  of  plastic  and  viscoplastic  flow  rules  which 
leads  to  some  difficulties.  The  present  study  has  shown  the 
possibility  to  replace  the  plastic  flow  rule  by  the  viscoplastic 
one  and  systematic  computations  by  the  rapid  load  unload 
procedure  (on  the  critical  elements  only). 

- The  damage  integration  is  more  easily  included  in  the 
non  isothermal  viscoplastic  analysis  but  only  the  stabilized 
stress  cycle  can  be  used,  which  gives  a lower  bound  to  the  life, 
due  to  the  neglect  of  damage  induced  stress  redistribution 
effect.  Possibility  of  simulation  of  this  effect  with  simple 
structural  models  (like  Reference  Stress  Method)  is  under 
study. 

In  view  of  actual  design  procedures  we  can  conclude  to 
the  applicability  of  the  two  methods  and  to  their  complemen 
tarity  as  regards  lifetime  predictions.  However,  despite  his 
more  complex  treatment  of  test  results,  the  Continuous 
Damage  Approach  seems  more  promising  in  that  concern 
creep  fatigue  predictions  from  pure  creep  and  pure  fatigue, 
small  inelastic  strains,  large  hold  times,  temperature  cycling. 
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STRAINRANOK  PAFTITJONINC  OF  MAR MOO?  OVFR  THF  TF.MPF.RATHRF 
RANGE  75Q°C  - 1Q40°C 

by  V.T.A.  Antunes  and  P.  Hancock 

Department  of  Materials,  Cran field  Institute  of 
Technology,  Bedford  MK41  OAI.,  U. K. 


1 . Summary 

The  fatigue  behaviour  of  a cast  nickel  base  superalloy  Mar  MOO?  has  been  studied  in  the  temperature 
range  750°  - 1040°C  by  the  method  of  Strainranpe  Partit ioning , (SrP) . 

The  four  basic  strainranpe  vs  life  relationships  Nij  - Arij  (i  - P or  C;  j - P or  C)  were  determined 
at  850°  and  1040°C.  A marked  temperature  sensitivity  was  observed  and  it  was  not  possible  to  predict 
1040°  lives  from  8 SO  data. 

However,  satisfactory  life  prediction  could  be  made  by  the  SrP  method  over  limited  temperature 
ranges.  Prediction  within  the  range  750  to  850°C,  or  within  the  range  950  - 1040°C  proved  to  be  satisfac- 
tory, employing  a unique  set  of  Nij  - Arij  strainranpe  vs  life  relationships  for  each  temperature  range. 

Work  is  in  band  to  elucidate  the  mechanisms  of  failure  in  these  two  temperature  repimes. 


? . I_nr  roduct  ion 

The  Strainranpe  Parfitioninp  method,  developed  by  Manson  and  co-workers  (1),  (?),  (1),  (4)  in  a peneral 
strain  approach  to  predict  lives  under  combined  creep  and  fatipue  loadinp.  The  method  used,  considers 
that  any  conceivable  inelastic  strain  cycle  can  be  separated  into  four  possible  types  of  strainranpe,  vis: 

PP  - tensile  plasticity  reversed  by  compressive  plasticity, 

CP  - tensile  creep  reversed  by  compressive  plasticity, 

PC  - tensile  plasticity  reversed  by  compressive  creep, 

CC  - tensile  creep  reversed  by  compressive  creep. 

For  predictions  to  be  made  it  is  first  necessary  to  determine  the  individual  failure-life  relationships 
Hi j - Arij  (i  ■ P or  C,  j - P or  C)  for  the  above  four  basic  types.  Then,  any  particular  hysteresis  loop 
can  be  built  from  combinations  of  the  above  four  basic  types  and  the  combined  effects  of  these  components 
intimated  bv  usinp  an  interaction  damape  rule. 

One  important  aspect  of  the  Strainranpe  Partitioning  approach  is  the  influence  of  temperature.  If 
the  form  of  the  partitioned  strainranpe  vs  life  relationships  is  independent  of  testinp  temperature,  this 
would  preatly  simplify  the  application  of  strainranpe  partitioning,  to  thermal  fatipue  problems.  As  a 
first  assessment  of  how  strainranpe  partitioninp  can  help  in  dealing  with  thermal  fatipue  of  cast  MAR  M002 
turbine  buckets,  the  influence  of  temperature  on  the  strainranpe  vs  life  relationships  for  this  alloy  was 
examined  over  the  temperature  ranpe  750  - 1040°C. 

1 . F xper imen t a 1 

The  material  used  in  this  series  of  experiments  was  an  as  cast  nickel  superalloy  MAR  M002  # developed 
for  strenpth  and  creep  performance  as  a first  stape  cast  turbine  blade  material.  The  chemical  composition 
and  tensile  properties  are  shown  in  Table  T.*  Specimens  were  obtained  in  the  as  cast  condition  from  the 
National  Oas  Turbine  Kstabl i shment , were  subsequent  1 y machined  to  shape  as  shown  in  Fig.  (1),  then  heat 
treated  for  14  hours  at  870°C,  furnace  cooled  and  finally  surface  ground  before  testinp. 

The  specimens  were  resistance  heated  in  air  throuph  rods  attached  directly  to  the  specimens.  The 
specimens’  temperature  was  measured  by  a I. and  optical  pyrometer  connected  via  a pyrometer  amplifier  to  a 
Bristol  Strip  chart  recorder.  The  recorder  provided  a control  signal  to  a saturable  reactor.proportional 
to  the  difference  between  the  specimen  temperature  and  the  pre-set  temperature.  The  saturable  reactor  was 
in  series  with  the  step-down  transformer  which  provided  the  current  throuph  the  specimen.  An  accuracy  of 
♦ 1 degrees  centigrade  was  achieved  with  this  set  tip  for  temperatures  above  850°C. 

The  creep-fat i gue  tests  were  carried  out  on  an  electro  hydraulic  closed  loop  testing  machine,  the  load 
s upp lied  by  a double  acting  hydraulic  jack  controlled  by  an  electrically  actuated  precision  spool  valve. 
Specimen  strain  was  measured  by  a variable  reluctance  transducer  mounted  on  the  water  cooled  end  of  a 
scissor  type  extensometer . The  extensometer  was  located  on  the  specimen  by  spring  loaded  ceramic  contacts 
on  V-ridges  machined  °nto  the  specimen.  Fig.  1.  The  testing  machine  and  the  wave  generator  for  producing 
PC,  CP  and  CC  tests  were  designed  specifically  for  strain-range  partitioning  and  details  are  being  prepared 
for  separate  publication. 

The  cycles  involved  in  the  strainranpe  partitioning  tests  of  MAR  M007  are  shown  in  Fig.  (2),  which 
depicts  sebemat ical 1 y the  corresponding  stress-strain  loops. 

All  PP  tests  were  conducted  at  sufficiently  high  frequencies  to  exclude  creep  strains  being  introduced 
in  these  tests,  respectively  0.6Hz  at  850°C  and  1 Hz  at  |040°(  The  tests  were  completely  reversed  strain 
controlled  fatigue  tests  using  a triangular  strain-time  wave  form. 

Tn  the  CP  tests  a tensile  hold  period  of  about  ?0  seconds  was  used.  The  tests  were  strain  controlled 
fatigue  tests  using  a trapezoidal  stress  vs  time  wave  form  with  super  imposed  strain  limits. 


The  PC  tests  were  similar  to  the  CP  except  that  the  load  hold  was  introduced  in  the  compression  cycle. 
The  CC  tests  had  load  hold  in  both  the  tension  and  compression  cycles. 

Test  Results 


A. 


The  test  conditions  and  results  of  all  the  basic  low  cycle  fatigue  tests  are  presented  in  Table  II.* 
Figs.  (3)  and  (A)  depict  the  four  partitioned  strainranges  vs  life  relationships  Nij  - Acij(i  ■ P or  C, 
j - P or  C)  , for  850°C  and  10A0°C  respectively.  These  partitioned  strainrange  vs  life  relationships 
were  produced  experimentally  as  follows: 


a)  PP  type  tests 

In  this  type  of  test  no  creep  strain  is  permitted.  To  preclude  any  significant  introduction 
of  creep, frequencies  of  0.6Hz  and  1Hz  at  850°C  and  10A0°C  were  employed. 

b)  CP  type  tests 

In  these  tests  a constant  tensile  creep  stress  was  reversed  in  the  compressive  part  of  the 
cycle  by  using  a sufficiently  high  strain  rate  to  prevent  the  occurrence  of  any  creep.  Before  the 
N^p  ~ Acgp  relationships  could  be  plotted* the  damage  due  to  the  presence  of  any  PP  type  strain 
was  considered,  using  the  interaction  damage  rule  in  a reverse  manner. 


Fpp 

♦ 1st  . 

i 

NPP 

NCP 

nobs 

where 

V 

. tin 

AePP 

Aecp 

A c 

- inelastic  strain 

of 

PP 

type 

Fpp 

p 

Ac . 

. tin 

- inelastic  strain 

- width  loop 

of 

CP 

type 

FCP 

Ac . 

l 

i 

Here  the  experimentally  observed  life  substitutes  the  predicted  life  and  the  equation 

is  solved  for  the  unknown  N „.  Therefore,  before  the  Aecp  - Ncp  relationship  can  be  plotted,  it 
is  first  necessary  to  establish  the  Npp  - Atp^relationship. 

c)  PC  type  tests 

In  these  tests  the  creep  portion  of  the  cycle  is  in  compression.  The  procedure  is  the  same 
as  for  the  CP  tests  but  the  tensile  and  compression  notations  are  interchanged. 

d)  CC  type  tests 

These  cycles  involved  a cyclic  creep  rupture  test  where  a constant  tensile  stress  is  servo 
controlled  until  a preset  strain  limit  is  reached.  When  this  limit  is  reached  the  stress  is  rapidly 
reversed  and  a constant  compressive  stress  applied  until  a preset  strain  limit  is  reached. 

The  “ AcCC  relationship  is  the  last  to  be  determined  because  it  needs  the  knowledge  of 

the  PP  and  PC  or  CP  relationships. 

The  damage  effect  of  a PP  component  and  of  a CP  or  PC  component  is  achieved  using  the  inter- 
action damage  rule  in  a reverse  way 

FPP  ^PC 
NPP  NPC 

where  the  unknown  i»  here  Nc(,. 

Using  a linear  regression  analysis  for  each  group  of  data,  the  following  strain  vs  life  relationships 
were  obtained. 


• Chemical  compositions,  material  processing,  heat  treatments  and  mechanical  properties 
for  each  tested  alloy,  as  well  as  the  data  generated  in  the  programme,  are  given  in 
Appendix  A I . 


(i)  - 850°C 

Acpp  - 0.26  Np,,"  °'94 


flcpc  ' °-24  NPC 
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flEcc  ’ °-04  Ncc 

(ii)  - 1040°C 
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-0.38 
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PP  PP 
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'PC 

. „ — 0.46 

Accp  - 0.02  Ncp 

Atcc  • °-02  Ncc  ' °'34 


F F 

(_CP)  ♦ _C£  . _L_ 
NCP)  Ncc  nobs 
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where  Ae . . is  an  inelastic  strain  of  the  type  ij  and  N.^  the  corresponding  life. 

Taking  the  results  of  Figs.  (3)  and  (A)  which  presented  the  strainrange  partitioning  data  grouped 
isothermal ly  at  850  and  1040°C,  two  salient  features  emerge 


(i)  At  850°C  the  PC  tests  failed  before  any  others  for  a given  inelastic  strain  range  whilst  the 
CP  test  results  were  represented  by  a line  of  shallower  slope  and  shifted  to  the  right  of  the 
others  (higher  lives). 


(ii) 


In  the  1040°C  plots,  all  the  tests  could  be  considered  as  displaying  a unique 
relationship.  The  best  fitting  equation  for  the  1040°  C data  was  found  to  be 


strainrange  vs  life 


Aei  j 


0.03  Nij 


-0.48 


with  a correlation  factor  of  0.84. 


P or  C. 
P or  C; 


A microscopic  analysis  of  longitudinal  sections  of  specimens  tested  at  both  temperatures  showed  no 
evidence  of  intergranular  fracture. 

Using,  the  basic  strainrange.  vs  life  relationships  for  850°C  to  predict  the  1040°C  results,  ratios  as 
large  as  + 5 were  found  between  the  predicted  and  observed  lives  as  shown  in  Fig.  (5). 

To  find  the  temperature  regions  over  which  life  predictions  were  possible,  further  sets  of  tests  were 
made  at  750  and  950°C  as  detailed  in  Table  II.  It  was  found  thft  the  750  results  could  be  predicted  within 
a factor  of  ♦ 2 from  the  basic  strainrange  vs  life  relationship  developed  at  850°C  and  that  the  950°  results 
could  be  predicted  with  similar  accuracy  f rom  the  1040°  behaviour  as  shown  in  Figure  b. 

These  results  suggest  that  different  deformation  or  fracture  mechanisms  apply  over  the  two  tempera- 
ture ranges  750°C  - 850°C  and  950°C  - 1040°C. 

An  obvious  factor  is  that  the  fracture  mechanisms  may  change  from  transcrystalline  fracture  at  the 
lower  temperatures  to  intergranxilar  fracture  in  the  higher  ranges  part icular ly  for  cycles  involving  a creep 
component  in  tension,  i.e.  the  CP  or  CC  cycles.  This  change  from  transcrystalline  to  intercrystalline 
fracture  path  has  been  suggested  to  be  responsible  for  the  shorter  lives  found  for  the  CP  or  CC  cycles  in 
other  systems  (1),  (5),  (b).  However,  Wells  and  Sullivan  (7)  tested  a nickel  base  al loy .Udimet  700  .and 
Lord  and  Coffin  (8)  ,a  cast  nickel  superalloy  Ren6  80»concluded  that  holding  periods  were  more  damaging,  in 
compression  than  in  tension. 

To  check  whether  the  change  from  intergranular  to  a transgranul ar  fracture  path  was  important  over 
the  particular  conditions  used  in  this  study,  detailed  metal lographic  studies  were  made  of  the  fracture 
surfaces.  Tt  was  found  that  all  failed  predominantly  by  transgranul ar  failure  with  no  evidence  of  an  in- 
creasing intergranular  component  at  higher  temperatures.  It  therefore  appears  that  this  is  not  the  pre- 
dominant reason  for  the  difference  in  behaviour  between  the  lower  (750  - 850°)  and  higher  (950  - J040°) 
temperature  regiorf»and  further  work  is  in  hand  to  determine  the  failure  mechanisms  occurring  in  the  temp- 
erature range  investigated.  Current  work  is  considering  an  assessment  of  the  relative  importance  of  hold 
periods  °n  fracture  initiation  and  propagation  at  both  temperatures. 

5.  Conclusions 

1.  Strainrange  partitioning  measurements  of  MAR  M002  over  the  temperature  range  750  - 1040°C  have 
been  made  and  Nij  - Acij  strainrange  vs  life  relationships  established. 

2.  The  application  of  a unique  set  of  strainrange  vs  life  relationships  to  the  whole  temperature 
interval  750  - 1040°C  resulted  in  unacceptable  errors  in  lifetime  prediction.  Ratios  as  high  as  i 5 
were  found  for  predicted/observed  lives  when  using  850°  data  to  predict  lives  at  1040°C. 

3.  Satisfactory  life  prediction  could  be  made  over  limited  temperature  ranges.  Lives  within  a fac- 
tor of  ± 2 could  be  predicted  over  the  separate  temperature  ranges  750  to  850°C  and  950  to  1040°C. 

4.  The  fracture  path  was  found  to  be  transgranular  over  the  whole  range  of  test  conditions  examined. 

5.  Current  work  indicates  that  crack  propagation  is  tie  dominant  factor  in  lifetime  prediction  at 
high  temperatures  whereas  in  the  lower  temperature  region  initiation  is  increasingly  important,  becom- 
ing dominant  as  lives  increase. 

b.  References 

1.  MANSON  S.S.,  HALFORD,  C.R. , HTRSCHKBERG,  M.H.  -'Creep-Fatigtp  Analysis  by  Strainrange  Partitioning' 
NASA  TMX-b7838 , May  1971. 

2.  HIRSCHF.BF.RC,  M.H.,  HALFORD,  G.R.  -'Strainrange  Partitioning  - A Tool  for  Characterizing  High- 
Temperature  Low  Cycle  Fatigue'-  NASA  TMX-71691,  April,  1975. 

3.  MANSON,  S.S.,  HALFORD,  C.R.  - 'Treatment  of  Multiaxial  Creep  Fatigue  by  Strainrange  Partitioning' 
NASA  TMX  73488,  December  197b. 

4.  MANSON,  S.S.  - 'The  Challenge  to  Unify  Treatment  of  High  Temperature  Fatigue  - A Partisan  Prop- 
osal based  on  Strainrange  Partitioning',  ASTM  S.T.P.  520,  1973,  744-775. 

5*  BURLING,  J.T.,  CONWAY,  .T.B.,  'Effect  of  Hold  Time  on  the  Low  Cycle  Fatigue  Resistance  of  307  Stain- 
less Steel  at  1?00°F'  - First  Tnt.  Conf.  on  Pressure  Vessels  Technology,  Delt  19b9. 


6. 


CONWAY,  J.B.,  BE  RUNG,  J.T.,  STENTZ,  R.H.  * Strain  Rate  and  Hold  Time  Saturation  in  Low  Cycle 
Fatigue ' . ASTM  S.T.P.  520,  1973,  637  - 647. 


7.  WELLS,  C.H.  and  SULLIVAN,  C.P.  'The  Effect  of  Temperature  on  the  Low  Cycle  Fatigue  Behaviour 
of  Udimet  700'.  ASM,  Trans.  Quar.  60,  1967,  217-222. 

8.  LORD,  D.C.  and  COFFIN,  L.F.  'Low  Cycle  Fatigue  Hold  Time  Behaviour  of  Cast  Ren£  80.'  Met. 

Trans.  4,  1973,  1647-54. 

7.  Acknowledgements 

This  work  was  sponsored  by  the  Ministry  of  Defence  Procurement  Executive,  to  whom  the  authors  would 
like  to  express  their  thanks.  They  also  wish  to  thank  Mr.  T.F..  Clifton  for  assistance  with  the  exnerimental 
programme  and  for  the  desier^  and  construction  of  most  of  the  equipment. 

One  of  the  authors,  V.  An tunes,  wishes  to  acknowledge  financial  support  received  from  Junta  Nacional 
de  Invest igaf ao  Cientifica  e Tecnologica,  Lisbon  and  the  leave  of  absence  for  research  in  Cranfield  granted 
by  Faculdade  de  Fngenharia  da  llniversidade  do  Porto,  Portugal. 


TABLE  I - Chemical  Composition  and  Mechanical  Properties  of  MAR  MOO? 
A - Chemical  Composition 


C Si 

Cu 

Fe  Mn 

Cu  Ti 

A1  Co  W 

Mo  R 

Zr  Ta 

Hf  Ni 

0.15  0.2 

0. 1 

0.5  0.2 

9 1.5 

5.5  10  10 

0.5  0.02 

0.05  2.5 

1.5  Bal 

Mechanical 

Properties 

Temperature  (°C) 

Ultimate  Tensile 

Reduction 

of  Fracture 

Young  Modulus 

Stress  (MN/nr) 

Area  (Z) 

Strain  (Z) 

(MN/m2)  X 103 

20°C 

1068 

10 

8 

213 

850°C 

889 

15 

10 

158 

1040°C 

482 

23 

10 

138 

Strainrate  for  all  TESTS(0.2Z  a_1) 
(TABLE  II  follows  on  page  IE-5) . 
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TABU.  II  - BASIC  LOW  CYCLF  FATIC1TF.  TKSTS 


Tear 

No. 

Kg 

Cycle 
Def in- 
i t ion 

Total 

Strain 

Ar.T(2) 

■C 

pzs 

V 

N.  . 

»! 

(4) 

ren- 
al le 

St  re8g 
(MN/ui  ) 

Mean 

Stress 
(MN/tn  ) 

Stress 

Range 

Ao(M^/ 

Time 

to 

Pai  1- 
ure(hr) 

1 

I 

1 

10 

N.IB2/1 

B50 

PP-0.6HZ 

0.685 

0.039 

i 

- 

- 

- 

825 

825 

447 

■ 

980 

0.4 

n 

N.IB2/2 

850 

PP-0.6H* 

1.065 

0.170 

i 

- 

- 

- 

220 

220 

754 

B 

1432 

0.1 

14 

NJB25/4 

858 

PP-0.6HZ 

2.02 

0.844 

i 

- 

- 

- 

10 

10 

1102 

2146 

0.005 

IB 

NJB1/2 

8*>0 

PP-O.bHz 

0.544 

0.025 

i 

- 

- 

- 

1790 

1790 

420 

V 

831 

0.8 

19 

NJB2/3 

850 

PP-0.6HZ 

0.304 

0.004 

i 

- 

- 

- 1 

0960 

10960 

325 

0 

650 

5 

21 

NJB1/3 

1040 

PP  1 Hz 

0.705 

0.180 

i 

- 

- 

- 

370 

370 

320 

-24 

686 

0.1 

22 

NJB1 5/1 

1040 

PP  1 Hz 

0.502 

0.067 

i 

- 

_ 

- 

1640 

1640 

292 

0 

584 

0.5 

24 

NJB3/3 

1040 

PP  1 Hz 

0.977 

0.341 

i 

- 

- 

95 

95 

443 

-14 

914 

0.03 

25 

NJB3/1 

1040 

PP  1 Hz 

0.349 

0.044 

i 

- 

- 

- 

4600 

4600 

202 

-10 

423 

1.3 

37 

NJB6/4 

850 

CP(1) 

0.600 

0.063 

0.15 

- 

0.85 

- 

1896 

3050 

351 

-187 

1076 

11.2 

10 

NJB5/2 

850 

CP 

0.731 

0.092 

0.27 

- 

0.73 

- 

1076 

2744 

377 

-169 

1091 

6.4 

29 

NJB5/1 

850 

CP 

0.996 

0.220 

0.30 

- 

0.70 

- 

166 

169 

480 

-189 

1338 

1 

39 

NJB4/1 

850 

CP 

0.863 

0.094 

0.27 

- 

0.73 

- 

805 

1306 

430 

-191 

1243 

4.9 

40 

N.JB4/2 

1040 

CP 

0.402 

0.124 

0.25 

- 

0.75 

- 

451 

412 

161 

-93 

507 

2.6 

26 

NJB3/4 

1040 

CP 

0.724 

0.279 

0.27 

- 

0.73 

- 

88 

77 

245 

-94 

677 

0.5 

27 

NJB3/2 

1040 

CP 

0.538 

0.153 

0.36 

- 

0.64 

- 

347 

313 

172 

-79 

502 

2 

32 

NJB5/5 

850 

PC  (2) 

1 .000 

0.211 

0.32 

0.68 

92 

76 

940 

+142 

1595 

0.5 

33 

N.IB5/4 

850 

PC 

0.  707 

0.074 

0.38 

0.62 

- 

- 

408 

363 

723 

♦143 

1160 

2.5 

38 

N.JB6/1 

850 

PC 

0.487 

0.011 

0.09 

0.91 

- 

- 

1261 

1182 

574 

+ 156 

842 

7.6 

31 

N.IB5/3 

1040 

PC 

0.928 

0.515 

0.30 

0.70 

- 

- 

153 

57 

531 

♦ 123 

816 

0.3 

14 

N.1B6/2 

1040 

PC 

0.550 

0.177 

0.26 

0.  74 

- 

- 

402 

1135 

414 

+109 

610 

2.3 

42 

NJB4/5 

1040 

PC 

0.315 

0.066 

0.39 

0.61 

- 

- 

1985 

1965 

311 

+102 

417 

11.6 

33 

NJB6/3 

8 50 

CC(3) 

0.  796 

0.211 

0.30 

- 

0.16 

0.  54 

180 

188 

678 

+47 

1262 

2 

44 

NJB7/2 

850 

cc 

0.489 

0.052 

0.05 

- 

0.0*j 

0.90 

1326 

1 104 

467 

♦27 

880 

15 

47 

NJB7/5 

850 

cc 

0.586 

0.113 

0.26 

- 

- 

0.74 

571 

776 

477 

+14 

925 

6.6 

36 

NJB6/5 

1040 

cc 

0.891 

0.456 

0.29 

- 

0.01 

0.  70 

57 

56 

310 

♦11 

597 

0.6 

41 

NJB4/4 

1040 

cc 

0.  700 

0.350 

0.26 

- 

0.04 

0.  70 

119 

87 

293 

II 

575 

1.4 

45 

N.JB7/7 

1040 

cc 

0.398 

0.200 

0.12 

- 

0.08 

0.80 

502 

769 

147 

308 

5.8 

46 

NJB7/4 

1040 

cc 

0.297 

0.121 

0.08 

- 

0.13 

0.79 

1237 

1885 

141 

m 

295 

14 

6A 

NJB14/4 

750 

PP 

0.573 

0.00(6) 

1 

- 

- 

- 

9614 

7395 

520 

♦22 

995 

5.4 

7A 

N.IBI  3/3 

750 

PP 

0.771 

0.036 

1 

- 

- 

- 

1516 

1099 

656 

♦ 34 

1244 

0.8 

HA 

N.1B14/2 

750 

PP 

0.648 

0.032 

1 

- 

- 

- 

1977 

1246 

607 

♦41 

1129 

i 

9A 

NJB12/1 

750 

PP 

0.872 

0.104 

1 

- 

- 

327 

356 

753 

-18 

1543 

0.2 

10A 

NJB12/3 

750 

PC 

0.600 

0.016 

0.50 

- 

0.50 

1674 

1589 

613 

♦ 76 

1073 

10 

1 1 A 

N.IBI  2/4 

750 

CP 

0.670 

0.040 

0.45 

0.55 

- 

2173 

2010 

429 

-101 

1060 

11.3 

12A 

NJB13/4 

750 

cc 

0.700 

0.048 

0.66 

- 

- 

0.34 

1377 

1021 

614 

♦ 24 

1181 

15.8 

1 R 

M.JB9/4 

950 

PP 

0.664 

1 

- 

- 

- 

511 

403 

461 

♦ 18 

886 

0.15 

?R 

N.IBO/5 

PC 

0.423 

0.57 

0.43 

- 

1511 

1594 

415 

♦ 139 

552 

8.7 

wrm 

cc 

0.360 

0.086 

0. 16 

0.07 

0.77 

1996 

3290 

217 

0 

434 

21 

I lie  footnotes  for  this  I able  appear  overleaf 
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Fig. 2 Axial  strain  and  stress  versus  time  wave  forms  for  the  isothermal  low  cycle  fatigue  tests 
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Fig.3  Strainrange  versus  life  relationships  for  each  of  the  basic  tests  at  850°C 
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the  750°C  results  and  the  I040°C  basic  relationships  to  predict  the  950°C  results 
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As  the  five  papers  presented  in  Session  1 contained  results  which  had  been  obtained  on  similar  alloys 
hut  by  different  organisations  the  Recorder  opened  the  discussion  period  by  comparing  these  results  so 
that  the  extent  of  agreement  in  baseline  SUP  data  between  different  laboratories  could  be  assessed. 

These  comparisons  are  reproduced  in  Tab  1 e J,  which  also  indicates  other  aspects  of,  and  modifications  or- 
al ternat i ves  to,  the  SRP  methods  which  had  been  investigated. 

The  discussion  which  followed  centred  mainly  on  the  ability  of  the  duct i 1 i ty-normal ised  SRP  relation- 
ships; to  predict  creep-fat igue  interaction,  and  in  particular  it  was  questioned  whether  ductility,  however 
defined,  was;  a property  which  accurately  reflected  the  various  types  of  behaviour  occurring  during  creep- 
fatigue  interaction  in  a wide  range  of  materials.  A number  of  questions  led  to  a restatement  of  the 
manner  in  which  duct il ity— normal ised  relationships  had  been  developed  and  their  method  of  application. 

This  information  is  available  in  the  published  literature  and  it  will  not  he  reported  here.  Other  topics 
mentioned  during  the  discussion  concerned  the  micro— mechanisms  associated  with  the  various  components  of 
low  cycle  fatigue  behaviour  and  the  reasons  for  variations  in  the  damaging  potential  of  different 
combinations  of  straining  cycle. 

The  main  topic  of  discussion  reflected  the  different  approaches  of  the  materials  scientist  ami  the 
engineer  to  the  3RP  method,  differences  which  seemed  to  be  more  strongly  emphasised  in  the  field  of  low 
cycle  fatigue  than  in  others  because  of  the  complexity  of  the  physical  processes  occurring  and  the  testing 
variables  applied.  At;  the  materials  scientists  pointed  out,  matrix  deformation,  grain  boundary  sliding, 
recovery  processes,  grain  boundary  cavitation,  transgranular  and  intergranular  cracking  are  proceeding  to 
different  degrees  depending  on  stress,  temperature,  time  and  strain  rate.  It  was,  therefore,  difficult 
to  understand  how  a gross  engineering  property  such  as  ductility  was  capable  of  describing  accurately  the 
behaviour  of  materials  in  which  these,  often  highly  localised,  processes  were  going  on  together  during  the 
course  of  a test.  There  was  considerable  reluctance  in  applying  ductility  in  a wide-ranging  treatment  to 
embrace  phenomena  which  in  some  cases  may  he  the  antithesis  of  each  other  e.g.  intergranular  arid  trano- 
grariular  failure  modes,  in  other  cases  may  cover  widely  different  regimes  in  the  fracture  process,  e.g. 
crack  initiation  and  crack  propagation,  and  in  yet  other  cases  may  involve  a greater  or  lesser  degree  of 
instability  prior  to  failure. 

Faced  with  these  complexities,  which  the  engineer  recognised,  he  nevertheless  had  to  make  use  of 
whatever  mechanical  property  data  were  available,  and  maximise  their  application  so  as  to  refine  his 
prediction  procedures.  Thus  any  property  which  reflected  the  behaviour  of  the  material  could  be  a tool 
towards  bin  ultimate  aim  of  predicting  the  performance  of  the  components  he  was  designing.  When  a 
variety  of  materials  tested  under  identical  conditions  displayed  differences  in  ductility  the  values 
obtained  gave  an  indication  of  the  capacity  of  the  material  to  deform  whether  or  not  there  was  instability 
prior  to  fracture,  i.e.  ductility  did  indicate  distinctions  in  material  behaviour.  Moreover,  it  bad  the 
advantage  of  being  a readily  available  engineering  property  in  contrast  to  others  of  a more  complex  nature 
which  might  be  used.  It  was  pointed  out  in  this  discussion  that  the  use  of  ductility  was  not  basic  to 
the  15RP  method  hut  had  been  developed  to  extend  its  application  from  situations  where  the  basic  relation- 
ships were  available  to  those  where  they  were  not,  e.g.  when  materials  were  tested  in  different  environ-  * 
merits,  in  different  heat— treatment  conditions  or  under  complex  stress,  all  of  which  might  be  expected  to 
affect  the  ductility  of  a material.  (An  example  was  given  where  the  deunage  rel at ionships  for  a material  in 
two  environments  converged  as  the  ductilities  became  closely  similar).  Thus  while  the  engineer  did  not 
claim  that  the  application  of  the  ductility  criterion  was  exact  or  fully  accounted  for  all  the  nuances  of 

the  response  of  a material  to  cyclic  testing,  this  approach  for  predicting  life  expectancy  was  a |>ositive 

alternative  to  no  approach  at  all.  In  answer  to  other  objections  the  proponents  of  the  I5RP  method  marie 
clear  that  it  was  not  intended  for  use  under  crack  propagation  conditions,  for  which  a stress  rather  than 
a strain  approach  could  be  more  suitable. 

In  discussing  the  low  cycle  fatigue  behaviour  of  some  materials  in  which  cycles  containing  a tensile 
creep  component  were  lees  damaging  than  those  which  contained  a tensile  plastic  component,  two  possible 
reasons  for  this  behaviour  were  suggested;  (i)  that  the  creep  rupture  ductility  could  be  higher  than  that 
under  tensile  plastic  Btrain  arid  (ii)  there  was  a mean  tensile  stress  in  the  cycle  (pc)  having  a tensile 
plastic  component  but  a mean  compressive  stress  in  the  cycl,e  (cp)  with  a tensile  creep  component.  From 
this  and  other  standpoints  there  was  a general  interest  in  the  influence  of  mean  stress  on  low  cycle 

fatigue  behaviour,  a rid  some  critical  experiments  would  be  valuable  in  this  area.  The  results  of  micro- 

structural  studies  had  not  been  altogether  consistent  in  relating  the  different  modes  of  damage  to  the 
type  of  cyclic  test  loop  or  to  environmental  effects,  and  it  was  clear  from  the  discussion  that  further 
invest igation  of  this  aspect  was  required. 
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SUMMARY 


High  temperature  strain  controlled  latigue  data  lor  the  wrought  nickel  base  alloy  Nimonic  90*  are 
presented  together  with  their  interpretation  based  on  the  concept  of  strain  range  partitioning.  When 
this  approach  was  used  to  predict  data  at  65 0 and  900  C using  those  generated  at  810  C,  the  lives  at  6 50  C 
were  accurate  to  within  a factor  oi  two  whereas  at  900  C,  actual  test  results  were  much  less  than  the 
predicted  values.  Also  discussed  is  the  difficulty  encountered  when  using  the  partitioning  approach  to 
predict  low  frequency  test  results,  as  answers  are  very  sensitive  to  the  ways  in  which  cycles  are  parti- 
tioned into  their  creep  and  plastic  components.  Finally,  the  data  are  examined  in  terms  of  stress  as 
opposed  to  strain  and  predictions  using  a stress/static-creep  data  approach  are  compared  to  those  obtained 
using  strain  range  partitioning. 


1.  INTRODUCTION 


The  biggest  problem  facing  a designer  when  attempting  to  predict  the  life  of  a component,  be  it 
part  of  an  automobile,  airframe,  building,  bridge  or  gas  turbine  engine,  is  deciding  what  levels  of  stress, 
strain,  temperature  and  time  are  likely  to  be  imposed  upon  it.  In  reasonably  static  situations  such  as 
those  encountered  in  civil  engineering  accurate  predictions  can  ol ten  be  made,  but  in  more  fluid  situa- 
tions, as  experienced  in  nuclear  reactors  and  gas  turbine  engines,  the  problem  is  far  from  simple  as  not 
only  are  imposed  loads  very  variable  in  nature  but  also  very  high  temperatures  are  encountered. 

The  classical  approaches  to  summing  damage  accumulation  - hence  life  prediction  - under  cyclic- 
loading  at  low  temperatures  (that  is,  less  than  approximately  0.5  'lm  where  Tm  *=  melting  point  in  degrees 
absolute)  involve  the  use  of  strain  or  stress  controlled  fatigue  data,  Goodman  diagrams  and  Miner's  Law. 

The  basic  assumption  made  is  that  damage  is  a function  of  the  number  of  loading  cycles  but  independent 
of  time  on  load.  Under  conditions  of  strain  range  control,  the  effect  of  temperature  is  often  ignored 
up  to  0.5  inu  If  stress  range  is  considered  to  be  the  controlling  parameter,  work  at  NGTE  has  shown  that 
below  0.5  Tm,  repeated  tension  low  cycle  latigue  data  at  various  temperatures  can  be  rationalised  by 
considering  the  number  of  cycles  to  failure  to  be  a function  of  the  ratio  of  the  imposed  stress  range  to 
the  ultimate  strength  of  the  material  at  the  particular  temperature  in  question^). 

Once  temperature  exceeds  0.5  Tm,  it  is  unlikely  that  time  on  load  effects  can  be  ignored  due  to  the 
introduction  of  a damage  mechanism  other  than  fatigue,  namely  creep.  Advocates  of  the  strain  range 
approach  have  invoked  either  a 10  per  cent  rule,'^'  that  is  the  life  at  high  temperature  may  be  only  10  per 
cent  of  that  at  1 ow  temperatures,  or  have  introduced  frequency  terms  into  the  equations  describing  low 
temperature  data  in  order  to  lit  those  obtained  at  high  temperatures'1'.  Although  partly  successful, 
neither  of  these  modifications  is  sufficiently  biased  towards  the  creep  damage  mechanism  to  ensure  success 
at  temperatures  much  above  0.5  Tm.  A more  realistic  view  of  the  influence  of  creep  in  high  temperature 
cyclic  loading  has  been  incorporated  in  the  most  recent  adaptation  of  the  strain  approach  to  high 
temperature  low  cycle  latigue,  namely  Strain  Range  Partitioning  (SRP)^.  A brief  account  of  SRP  is 
given  in  Section  2. 

At  NGTE  cm  the  other  hand  cyclic  loading  at  high  temperatures  has  been  regarded  as  a form  of 
cyclic-creep  and  not  one  of  fatigue  in  the  traditional  meaning  of  the  term.  That  is,  damage  accumulation 
is  a function  of  time  on  load  and  not  ol  the  number  of  loading  cycles.  Load  and  not  strain  has  been  taken 
to  be  the  controlling  parameter  and  it  has  been  shown  for  a variety  of  materials  that  when  slow  ratc-s  ol 
change  of  loading  are  involved,  rates  in  fact  similar  to  those  often  seen  in  gas  turbine  engines  (typically 
up  to  10  cpm)  isothermal  cyclic  load  data  can  be  predicted  solely  from  a knowledge  of  the  static  creep 
properties  Recently  it  has  been  shown  that  a similar  approach  also  enables  sensible  life  predictions 

to  be  made  when  both  stress  and  temperature  are  continuously  changing^) . 

Realistic  life  predictions  ol  gas  turbine  components  are  likely  to  be  possible  only  it  a full 
appreciation  of  what  is  happening  in  terms  of  both  stress  and  strain  is  known.  In  order  to  relate  these 
two  parameters  a programme  of  work  was  set  up  at  NGTE  aimed  at  studying  the  high  temperature  cyclic  strain 
behaviour  of  the  wrought  nickel  base  alloy  Nimonic  90.  As  high  temperature/strain  controlled  testing  was 
a new  test  technique  to  NGTE,  the  decision  was  made  to  take  part  in  the  AGARD  International  Collaboration 
Exercise  aimed  at  validating  the  concept  of  strain  range  partitioning,  as  this  would  enable  NGTE  to  become 
involved  quickly  in  the  collection  and  exchange  of  strain  controlled  data,  thereby  allowing  a more  detailed 
comparison  to  be  made  between  strain  and  stress  parameters  than  would  otherwise  be  possible. 

After  sunrnarising  the  concept  of  strain  range  partitioning,  this  paper  goes  on  to  describe  the 
technique  of  high  temperature  strain  controlled  testing  developed  at  NGTE,  the  various  results  obtained 
for  the  alloy  Nimonic  90  and  the  difficulties  encountered  in  applying  to  these  the  concept  ol  strain 
range  partitioning.  Finally  life  predictions  made  using  SRP  are  compared  to  those  made  by  the  NGTE  static- 
creep  approach. 
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STRAIN  RANGE  PARTITIONING 


(>-2 

2. 


The  basic  premise  behind  strain  range  partitioning  is  that  in  any  hysteresis  loop  there  are 
combinations  of  just  two  directions  ol  straining  and  two  types  of  inelastic  strain.  The  two  directions 
are  tension  and  compression  while  the  two  types  of  inelastic  strain  are  either  of  a time  dependent  nature 
(creep)  or  of  a time  independent  nature  (plastic).  It  is  therefore  possible  to  represent  any  closed 
hysteresis  loop  by  four  possible  kinds  of  strain  ranges.  These  are: 


2. 


and  A . 


tensile  plasticity  reversed  by  compressive  plasticity,  Ac^ 
tensile  creep  reversed  by  compressive  creep,  At^ 
tensile  creep  reversed  by  compressive  plasticity,  At^ 
tensile  plasticity  reversed  by  compressive  creep,  Ac^ 


Each  of  these  forms  of  inelastic  strain  range  has  its  own  relationship  with  the  number  of  cyles  to 
failure,  and  so  can  be  represented  in  a form  similar  to  the  Manson-Cof f in  relationship.  Once  the  hysteresis 
loop  for  the  cycle  being  analysed  is  both  known  and  partitioned  into  its  inelastic  components,  life  predic- 
tion is  possible  using  an  interaction  damage  rule  specially  designed  to  operate  with  a combination  of 
strain  ranges.  The  form  of  this  damage  rule  is: 
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where  F (etc)  is  the  fraction  of  the  total  inelastic  strain  that  is  t and  N (etc)  is  the  number  of 

pp  pp  pp 

cycles  to  failure  of  an  At  test  conducted  at  a strain  range  equal  to  the  total  inelastic  strain  range 
(this  value  being  obtained  from  the  basic  set  of  SRP  curves). 


The  original  papers  setting  out  the  concept  of  strain  range  partitioning  held  out  the  promise  that 
temperature  was  not  an  important  parameter  in  determining  life  under  conditions  of  totally  reversed 
inelastic  strain;  that  is,  a series  of  SRP  curves  obtained  at  one  temperature  were  equally  valid  at 
temperatures  both  above  and  below  this  level.  This  has  since  been  shown  not  to  be  the  case,  a recent 
paper  suggesting  that  temperature  does  affect  the  form  of  the  SRP  curves,  but  in  many  instances  incorporating 
relevant  values  of  either  creep  or  tensile  ductility  into  the  equations  helps  to  remedy  the  situation^''. 


3 . TE ST  TECHNIQUES 

( B ) 

The  material  used  throughout  the  exercise  was  the  wrought  nickel  base  superalloy  Nimonic  90 
Although  no  longer  enjoying  extensive  useage  in  modern  aero  engines,  it  is  a material  that  cai  be  considered 
as  being  typical  of  its  class,  and  is  one  that  has  previously  been  studied  in  depth.  Details  of  the  alloy 
used  in  this  investigation  are  given  in  Table  l *(see  Footnote  on  p.6-0). 

Testing  was  undertaken  using  a 20  KN  closed  loop  servo-hydraulic  machine.  Continuously  cycled 
triangular  waveform  fatigue  testing  was  carried  out  under  strain  control  using  the  waveform  generator 
supplied  with  the  machine.  In  order  to  conduct  cyclic  tests  involving  creep  hold  times  either  in  tension 
or  compression  (or  both)  it  was  necessary  to  use  a specialised  external  function  generator.  When  using 
this  generator  it  was  possible  to  introduce  a hold  at  any  desired  level  of  load,  and  maintain  this  load 
until  a preset  extension  had  been  attained  at  which  point  the  loading  was  reversed  and  the  other  half  of 
the  cycle  completed. 

Test  specimens  were  heated  to  the  appropriate  test  temperature  using  a conventional  tube  furnace, 
the  temperature  of  which  was  controlled  by  a platinum  resistance  thermometer.  Thermocouples  were  tied  to 
the  centre  and  each  end  of  the  parallel  gauge  length  to  ensure  that  the  temperature  gradient  along  the 
specimen  did  not  exceed  tl  C. 

Specimen  extension  was  measured  using  a single  transducer  extensometer  and  recorded  using  an  X-tirne 
recorder  and  an  X-Y  plotter.  Load  was  monitored  continuously  using  either  a DVM  or  X-time  recorder  and 
intermittently  using  an  X-Y  plotter. 

When  it  was  decided  at  NGTE  to  gather  strain  controlled  fatigue  in  more  detail  than  had  been  the 
practice  in  the  past,  the  decision  was  made  to  measure  axial  strain.  Previous  work  had  shown  that  if 
strain  was  monitored  during  a fatigue  test  by  measuring  extension  between  ridges  at  the  ends  of  a 
parallel  gauge  length,  then  in  the  majority  of  cases  failure  of  the  specimen  occurred  at  the  ridges  due 
to  the  associated  stress  concentrat ions . In  order  to  avoid  the  problem  of  ridge  failure  the  design  of 
specimen  shown  in  Figure  1 was  adopted;  extension  was  monitored  between  the  sharp  corners  high  on  the 
shoulders  of  the  specimen,  shown  X-X*  in  the  diagram.  The  large  radius  leading  into  the  shoulder  at 
either  end  of  the  10  ran  parallel  gauge  length  was  chosen  to  give  a stress  concentration  at  the  shoulder/ 
gauge-length  interface  of  only  1.06.  The  disadvantage  of  this  method  of  strain  measurement  is  that 
elastic  and  plastic  extensions  can  only  be  converted  into  strain  in  the  parallel  gauge  length  by  use  of 
computed  effective  gauge  length  factors.  Details  of  the  factors  used  and  their  means  of  derivation  are 
given  in  Appendix  Al. 


A.  PRESENTATION  OF  RESULTS 

A. 1 STATIC  TENSILE  AND  CREEP  DATA 

Slow  strain  rale  tensile  data  (~0.002/min  to  proof  stress  and  0. 1/min  thereafter)  at  temperatures 
of  650,  810  and  900  C are  given  in  Table  II,  which  also  includes  810  C tensile  data  obtained  at  a high 
strain  rate  corresponding  to  a fully  reversed  triangular  waveform  frequency  of  25  cptr  This  high  strain 
rate  datum  is  shown  in  Figure  2.  Actual  creep  rupture  data  obtained  on  the  cast  of  Nimonic  90  used  in 
these  experiments  are  superimposed  on  a typical  creep  rupture  map  in  Figure  3. 


4.2 


BASIC  SRF  DA  I A Ai  810  C 


The  four  basic  partitioned  strain  range  life  relationships  were  determined  by  conducting  isothermal 
(810  C)  laboratory  tests  that  featured  the  strain  ranges  of  interest. 

4.2.1  PP  TESTS 


These  tests  consist  of  plastic  inelastic  strain  in  both  the  tensile  and  compressive  halves  of  the 
cycle.  To  achieve  this  condition  at  high  temperatures,  it  is  necessary  to  cycle  the  strain  at  a frequency 
sufficiently  high  to  preclude  the  introduction  of  significant  amounts  of  time  dependent  creep  strain. 
Previous  tests  had  shown  that  for  Nimonic  90  at  810°C  a frequency  of  25  cpm  (0.41  Hz)  was  sufficiently 
high  to  overcome  the  so  called  "frequency  effect",  and  all  PP  tests  were  undertaken  at  this  frequency 
using  a triangular  waveform.  The  results  obtained  are  given  in  Table  III  and  Figure  4.  It  is  interesting 
to  note  that  after  work  hardening  for  the  first  few  cycles  of  a cyclic  test,  the  Nimonic  90  work  softened 
throughout  the  remainder  of  the  test. 

4.2.2  CP  AND  PC  TESTS 


Testing  of  this  type  was  undertaken  using  the  external  function  generator  mentioned  previously. 

This  enabled  either  a tensile  or  compressive  hold  on  load  to  be  introduced  into  what  otherwise  would  have 
been  a PP  cycle.  The  load  hold  was  programned  to  act  for  as  long  as  was  necessary  to  produce  the 
predetermined  amount  of  strain.  When  this  limit  was  reached,  the  function  generator  reversed  the  loading 
and  completed  the  other  half  of  the  cycle  in  true  PP  fashion.  The  loading  rates  during  the  fast  cycling 
could  be  controlled  and  were  set  to  be  similar  to  those  obtained  in  the  basic  PP  tests  (ie  equivalent  to 
approximately  25  cpm).  This  ensured  that  all  the  inelastic  strain  accumulated  during  the  rapid  part  of 
the  cycle  was  of  the  PP  type. 

As  Nimonic  90  tends  to  work  soften  when  cycled  at  810°C  it  was  found  necessary,  particularly  at  the 
beginning  of  a test,  to  make  regular  reductions  to  the  creep  stress  level  in  order  to  maintain  a constant 
balanced  shape  to  the  hysteresis  loop.  Even  so,  the  duration  of  the  creep  portion  of  the  cycle  tended  to 
decrease  during  the  test.  The  results  obtained  are  given  in  Table  III;  the  CP  and  PC  life/strain-range 
values  calculated  therefrom,  after  allowing  for  the  PP  contribution  and  utilising  the  prescribed  damage 
fraction  rule,  are  given  in  Figure  4. 

4.2.3  CC  TESTS 

Testing  of  this  type  was  identical  to  that  for  the  CP/PC  case  except  that  creep  hold  times  were 
introduced  into  both  the  tensile  and  compressive  portion  of  what  otherwise  would  have  been  a PP  test. 

Test  results  are  given  in  Table  III  and  the  corresponding  CC  life/strain-range  curve  is  shown  in  Figure  4. 

4.3  SUPPLEMENTARY  TESTING 

Additional  testing  was  undertaken  aimed  at  evaluating  the  predictive  powers  of  SRP,  The  results 
of  PP  type  tests  undertaken  at  650  and  900  C are  given  in  Table  IV  and  the  data  from  low  frequency  tests 
undertaken  at  810°C  in  Table  V. 

5.  DISCUSSION 


For  the  sake  of  clarity,  the  discussion  will  be  subdivided  into  four  major  areas.  In  the  first  of 
these,  the  basic  creep  and  tensile  properties  of  the  Nimonic  90  used  in  the  progranme  will  be  discussed 
and  compared  to  typical  book  data.  The  second  and  third  sections  will  deal  with  the  problems,  both 
experimental  and  scientific,  experienced  in  determining  the  basic  SRP  life  lines  and  the  accuracy  of  the 
predictions  made  using  these  life  lines.  Finally,  mention  will  be  made  of  the  way  the  traditional  NGTE 
stress-creep  approach  can  be  used  to  predict  cyclic  life. 

5 . 1 BASIC  TENSILE  AND  CREEP  DATA 


The  slow  strain  rate  tensile  properties  of  the  Nimonic  90  used  in  the  test  progranme  were  similar 
to  typical  data  reported  in  the  literature,  except  that  in  all  instances  the  actual  measured  values  of 
reduction  of  area  were  a little  lower  than  expected.  It  was  interesting  to  note  that  whereas  testing 
at  a high  strain  rate  produced  the  expected  increases  in  proof  stress  and  failure  strength,  there  was 
little  effect  on  the  reduction  of  area  value  recorded. 

The  method  adopted  at  NOTE  for  presenting  static  creep  data  is  the  one  first  proposed  by 
Craham  and  Walles^).  This  assumes  that  log  stress/log  time  to  failure  data  points  fall  on  a continuous 
series  of  straight  lines  for  each  temperature,  with  slopes  in  the  series  -1/32,  -1/16,  -1/8,  -1/4  etc. 

The  positions  of  the  slope  changes  and  the  distance  between  lines  at  different  ten^eratures  are  dependent 
on  a time-temperature  relationship  of  the  form: 

_B 

tf  - A 0 * (T1  - T)" ,0  (2) 


where  t^-rupture  time,  T*test  temperature,  A and  T*  are  constants  and  — has  a value  in  the  series 
4,  8,  16  etc. 

Typical  Craham  and  Wal les  curves  for  the  alloy  Nimonic  90  are  given  in  Figure  2;  also  superimposed 
on  this  figure  are  actual  data  points  obtained  for  the  particular  batch  of  Nimonic  90  used  in  the  current 
programme.  It  can  be  seen  that  the  slopes  of  the  life  lines  are  very  dependent  on  stress  and  temperature. 
The  relevance  of  the  slopes  of  these  lines  to  high  temperature  cyclic  behaviour  j8  discussed  in  Section  5 
The  810  C creep  ductility  of  the  Nimonic  90  used  in  the  test  progranme  appeared  to  be  independent  of  time 
to  failure,  typical  values  for  reduction  of  area  being  in  the  range  8 to  12  per  cent. 


5 . 2 


SRI*  LIKE  LINE  DETERMINATIONS 


Whatever  method  is  u-7ed  to  predict  the  life  of  an  actual  component,  the  accuracy  obtained  can  only 
be  as  good  as  that  ol  the  basic  data  on  which  the  prediction  has  been  based.  In  strain  range  partitioning, 
therefore,  the  main  factor  affecting  the  accuracy  of  life  prediction  is  the  position  and  accuracy  of  the 
four  basic  life  lines. 

By  far  the  biggest  experimental  difficulty  when  undertaking  strain  controlled  fatigue  testing  is 
the  measurement  of  strain  itself.  As  mentioned  previously,  true  longitudinal  strain  cannot  be  measured 
using  ridged  parallel  gauge  sections  as  failure  invariably  occurs  at  the  ridges  due  to  the  stress 
concentration  they  induce;  if  in  this  type  of  specimen  failure  does  not  occur  at  the  ridges  in  high 
temperature  fatigue  testing  then  in  all  probability  stress  redistribution  is  occurring  as  a result  of 
creep  processes  and  hence  the  result  is  no  longer  a valid  fatigue  failure.  Diametral  strain  control 
using  hour  glass  specimens  can,  if  the  radius  of  curvature  is  large,  avoid  damaging  stress  concentrations 
but  still  poses  the  problems  of  accounting  for  any  anisotropic  behaviour  that  may  be  present  and  converting 
diametral  strain  into  the  more  useful  longitudinal  strain.  In  addition,  diametral  control  often  involves 
crack  initiation  at  the  extensoraetry  position. 

The  advantage  of  using  a design  of  specimen  that  enables  longitudinal  extension  to  be  measured 
between  points  outside  the  parallel  gauge  length  is  that  the  measurement  technique  does  not  interfere 
with  the  failure  process.  The  obvious  disadvantage  to  the  method  is  that  strain  within  the  gauge  length 
can  only  be  obtained  by  the  use  of  equivalent  gauge  length  factors  that  take  into  account  the  elastic  and 
plastic  extensions  occurring  ojtside  the  parallel  portion.  As  shown  in  Appendix  Al,  the  elastic  factor 
is  purely  testpiece  geometry  dependent,  whereas  the  plastic  factor  is  dependent  on  the  stress  exponent  of 
the  appropriate  stress-plastic  strain  curve.  The  elastic  equivalent  gauge  length  used  throughout  the 
programme  was  24.1.  Fortunately,  values  of  the  creep  and  fatigue  stress  exponents  at  810  C were  similar 
to  one  another  (both  being  in  the  range  8 to  12)  and  so  a constant  value  for  the  plastic  equivalent  gauge 
length  of  14.5  was  used  throughout  the  analyses  of  810  C data.  (Similar  values  were  also  used  in  the 
analyses  of  data  obtained  at  900  and  650  C.) 

The  determination  of  the  HP  fatigue  life-line  involves  testing  at  a frequency  high  enough  to  ensure 
that  the  number  of  cycles  to  failure  is  frequency  independent.  For  Nimonic  90  at  810  C for  example,  this 
meant  carrying  out  tests  at  a minimum  frequency  of  25  cpm.  The  need  to  test  at  such  high  frequencies  can 
pose  problems  when  it  comes  to  recording  hysteresis  loops:  PP  life-lines  were  determined  at  what  appeared 
to  be  the  minimum  acceptable  value,  ie  25  cpm,  because  this  was  the  fastest  speed  that  the  mechanical 
carriage  X-Y  plotter,  used  to  plot  hysteresis  loops,  could  accommodate.  The  hysteresis  loops  of  the 
preliminary  tests  conducted  at  higher  frequencies  were  analysed  by  photographing  the  trace  as  displayed 
on  a large  television  screen,  though  this  method  was  too  time  consuming  to  be  adopted  as  a standard  test 
technique. 

Finally,  while  considering  the  experimental  difficulties  encountered  in  determining  the  basic 
life-lines,  mention  must  be  made  that  sensible  creep  component  lines  could  only  be  obtained  after  the 
purchase  of  an  additional  function  generator,  capable  of  introducing  hold  times  at  constant  load  into  the 
cycle  whilst  still  maintaining  overall  control  between  fixed  limits  of  extension.  This  need  for  additional 
specialised  equipment  over  and  above  that  normally  associated  with  servohydraulic  test  machines  could  act 
as  a deterrent  to  basic  data  collection 

The  four  basic  life  lines  (derived  from  the  data  in  Table  III)  for  Nimonic  90  at  8 10°C  are  shown 
in  Figure  4.  The  position  of  the  PP  line  is  very  well  defined,  there  being  very  little  scatter  amongst 
the  data.  The  line  can  be  described  by  an  equation  of  the  form: 


N - 0.057  (Ac  )“*  *67 
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Although  there  are  fewer  data  for  the  CP  and  PC  lifelines  it  would  appear  that  over  the  range  101  to  10s 
cycles  to  failure,  both  sets  can  be  represented  by  a single  line  which  is  parallel  to  the  PP  line  but 
approximately  an  order  of  magnitude  lower  in  the  life  attained  for  a given  strain  range.  The  equation 
takes  the  form: 


N / - 0.0054  (At)- 1 (4) 
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The  position  of  the  CC  line  is  less  well  defined.  Because  of  the  difficulties  experienced  in  maintaining 
a fixed  hysteresis  loop  profile,  CC  tests  tended  to  revert  to  CP,  PC  or  PP  types  if  left  unattended  for 
long  periods  of  time.  Unfor tunately  the  extent  to  which  any  change  took  place  was  not  always  known  as 
automatic  plotting  facilities  were  not  available.  The  CC  lifeline  could  have  a slope  of  between  about 
-1.6  and  -2.8,  but  the  actual  line  chosen  in  Figure  4 is  biased  towards  those  data  points  (shown  by  an 
asterisk  in  Table  III)  for  which  stable  loops  were  known  to  be  maintained  throughout  the  test.  The 
equation  of  the  chosen  line  is  of  the  form: 


N - 0.000074  (Ae  )"’  ‘4 1 ....(5) 

CC  CC 

The  CC  life  line  is  characterised  by  a strain  exponent  which  is  different  from  that  of  the  other  three 
life  lines.  One  possible  explanation  for  this  difference  may  lie  behind  the  proportions  of  life  attributable 
to  crack  initiation  and  to  crack  growth.  In  the  low  cycle  fatigue  regime  it  is  generally  acknowledged^^ 
that  high  strain  crack  growth  dominates  the  fracture  process  and  that  initiation  is  less  of  a factor  in 
determining  life.  In  high  cycle  fatigue  crack  nucleation  is  thought  to  dominate  the  life  to  failure. 
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The  two  modes  of  behaviour,  initiation  and  growth,  have  different  strain  exponents.  Creep  is  also  a 
process  dominated  by  the  nucleation  of  cracks,  and  so  i t could  be  argued  that  the  slope  of  a CC  life  line 
should  lie  somewhere  between  the  low  and  high  cycle  fatigue  life  lines. 

Yet  another  explanation  for  the  difference  in  slope  between  the  CC  lifeline  and  the  other  three  may 
be  linked  to  the  phenomenon  of  anelas tici ty . If,  during  the  course  of  a creep  test  the  specimen  is  unloaded 
rapidly,  the  unloading  is  often  followed,  by  a period  of  reversed  creep;  one  of  the  manifestations  of 
aneiastici ty . Moreover,  work  at  NOTE  has  shown  that  in  load  controlled  square  wave  creep  tests  most 
of  the  creep  strain  monitored  during  each  half  cycle  is  strain  that  is  being  'exchanged'  between  the 
tension  and  compression  portions  of  the  cycle  and  as  a result  is  not  contributing  to  the  real  strain 
accumulation.  As  anelasticity  is  not  contributing  to  strain  accumulation,  it  can  be  argued  that  it  is  not 
part  of  the  damage  mechanism.  In  strain  controlled  tests  therefore,  particularly  those  involving  a creep 
component,  there  may  be  three  not  two  types  of  inelastic  strain,  namely  plastic,  creep  and  anelastic. 


To  date  there  has  been  insufficient  time  to  measure  the  amounts  of  anelasticity  in  the  CC  tests,  but 
a preliminary  assessment  of  that  present  in  a smal 1-strain-range/ long  life  test  indicated  that  up  to  half 
of  the  creep  strain  monitored  may  be  anelastic.  (Anelasticity  in  any  particular  test  is  difficult  to 
estimate,  but  it  increases  with  increasing  stress  range,  reaching  a limiting  value  such  that  the  amount 
present  in  a high  strain  test  will  be  proportionately  less  than  that  present  in  a low  strain  test.) 

For  example,  for  Test  51  in  Table  III,  Ae  is  given  as  0.009  per  cent  and  Ae  as  0.041  per  cent. 

pp  cc 

Now  if  anelasticity  accounts  for  0.02  per  cent  of  the  creep  strain,  one  is  left  with  a 'damaging' 
inelastic  strain  of  0.030  per  cent  (0.009  PP  ♦ 0.021  CC) . Applying  the  damage  rule  to  these  modified 
values  gives  a predicted  life  of  10,500  cycles  for  a A£ct  of  0.030,  whereas  the  original  analysis  gave 

13283  cycles  for  a Ae^  of  0.050.  As  anelasticity  is  only  likely  to  affect  low  strain  results,  the  slope 

of  the  anelasticity  corrected  CC  life  line  will  steepen  and  approach  that  of  the  other  three  life  lines. 

It  is  hoped  to  pursue  this  line  of  investigation  in  future  work  programmes. 


A recent  publication  on  SRP  suggests  that  first  order  approximations  of  the  basic  life-lines  can 
be  made  using  a set  of  universal  ductility  normalised  life  relations^).  For  example,  the  equation 
relating  PF  data  is  of  the  form: 

(2Ac 


PP 
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where  D is 
P 


a measure  of  the  tensile  plastic  ductility  and  equal  to  the  negative  of  the  natural 


logarithm  of  (1-reduction  of  area).  Values  of  reduction  of  area  obtained  with  the  present  cast  ranged 
from  16  to  20  per  cent,  though  published  data  suggested  values  as  high  as  30  per  cent.  Substitution  into 
Equation  5 gives  equations: 
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The  exponent  of  the  predicted  equations  is  exactly  equal  to  the  one  found  in  practice  and,  although  the 
constants  in  the  equations  calculated  using  the  determined  values  of  reduction  of  area  are  too  low,  the 
form  of  the  predicted  equation  using  published  data  (ie  RA-30  per  cent)  is  very  similar  to  that  obtained 
in  practice  - compare  Equation  8 with  Equation  3. 


When  a tensile  RA  value  of  30  per  cent  (ie  - 0.36)  is  feu  into  the  universal  PC  life 
relationship  of: 
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the  predicted  relationship  is: 
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Although  giving  accurately  the  strain  exponent  of  the  experimentally  determined  line  (Equation  4),  the 
predicted  life  is  nevertheless  approximately  three  times  that  observed  in  practice. 

As  the  mode  of  creep  cracking  in  Nimonic  90  is  intergranular,  the  universal  CP  lifeline  is 
given  by: 


cp 
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Substituting  a creep  RA  value  of  10  per  cent  into  the  above  equation  gives: 


cp  - 0.002  (Ae  r1 

y cp7 


....(12) 


that  is  the  predicted  life  is  less  than  half  that  obtained  in  practice  (compare  Equation  12  with 
Equation  4) . 


The  creep/creep  prediction  (for  a creep  RA  value  of  10  per  cent): 
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falls  down  in  giving  a strain  exponent  of  -1.67  whereas  the  experimentally  determined  value  equalled  -2.41 
(see  Equation  5).  In  this  case  unlike  the  other  three  there  is  an  appreciable  discrepancy  between  the 
anticipated  and  observed  strain  exponents.  It  may  be  that  the  'universal'  constants  determined  for  one 
class  of  alloys  (say  steels)  do  not  match  exactly  those  of  another  (eg  nickel  base  superalloys  or  titanium). 

It  will  be  interesting  to  see  the  suggested  form  of  the  ductility  normalised  SRP  life  relationships  after 
all  the  data  being  generated  in  the  on-going  AGARD  collaborative  exercise  have  been  analysed. 

5.3  SRP  LIFE  PREDICTION 

To  date  only  a limited  amount  of  testing  has  been  undertaken  which  has  been  aimed  at  assessing  the 
prediction  capabilities  of  SRP.  In  the  first  exercise  25  cpm  PP  data  were  determined  at  650  C and  900°C, 
that  is  at  temperatures  both  above  and  below  that  at  which  the  majority  of  testing  was  undertaken.  As  can 
be  seen  from  Figure  5,  the  results  at  650  C resembled  those  at  810  C,  the  life  line  being  parallel  to 
that  for  810  C but  the  actual  lives  being  about  5 times  greater  for  a given  strain  range.  As  the  value 
for  tensile  reduct ior  of  area  measured  at  650  C was  30  per  cent  and  that  at  810  C may  be  as  low  as  16  per  cent, 
the  ductility  normalised  SRP  prediction  for  PP  data  at  650  C could  be,  in  terms  of  810  C data. 
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The  predicted  650  C life  line  that  is  3.5  times  that  at  810  C,  is  a little  on  the  low  side  as  the  actual 
life  was  approximately  5 times  that  at  810°C.  Nevertheless,  the  SRP  approach  has  predicted  the  trend 
towards  higher  lives  and  the  result  obtained  is  correct  to  within  a factor  of  2. 

Less  successful  was  the  prediction  of  the  900°C  data.  As  shown  in  Figure  5,  the  slope  of  the  900°C 
lifeline  obtained  by  actual  testing  is  quite  different  from  that  of  the  650  and  810  C lines.  Strain 
range  partitioning  predicts  that  the  line  should  be  parallel  to  the  other  two  and  lie  slightly  to  the  right 
of  the  650°C  life  line  as  the  ductility  of  Nimonic  90  at  900°C  is  greater  than  that  at  650  C - see  Table  II. 

A possible  explanation  for  the  observed  behaviour  is  that  at  900  C a test  frequency  of  25  cpm  is  too  slow 

to  avoid  time  dependent  effects  and  so  the  inelastic  strain  measured  includes  both  PP  and  CC  fractions. 

It  is  hoped  to  pursue  this  observation  by  undertaking  tests  at  frequencies  greater  than  25  cpm.  Further 
evidence  to  support  the  suggestion  that  the  900°C  data  are  in  fact  creep  dominated  is  presented  in 
Section  5.4.2. 

The  only  other  assessment  of  the  predictive  powers  of  SRP  was  an  attempt  to  predict  the  frequency 
effect  observed  in  Nimonic  90  at  810  C.  To  do  this,  continuously  cycled  triangular  waveform  tests  have 
been  carried  out  at  frequencies  much  lower  than  the  25  cpm  used  in  the  determination  of  the  basic  life- 
lines. The  main  difficulty  encountered  was  in  the  analysis  of  the  hysteresis  loops,  as  it  was  not  easy 
to  decide  just  how  much  of  the  measured  inelastic  strain  was  plastic  and  how  much  was  creep.  The  method 
adopted  was  to  assume  that  the  amount  of  plasticity  in  a low  frequency  test  having  a stress  range  Ao  was 
equal  to  the  amount  of  inelastic  strain  observed  in  a 25  cpm  PP  test  having  the  same  stress  range.  The 

predicted  values  shown  in  Table  V were  obtained  using  this  value  of  Ac  in  order  to  calculate  the 

pp 

fractions  F and  F^c  for  use  in  the  predictive  equation.  It  can  be  seen  that  in  only  one  instance  - 

Test  7 - is  the  prediction  within  a factor  of  2 of  the  actual  value.  Because  of  the  large  difference  in 
life  for  a given  strain  range  between  the  PP  and  CC  life  curves  (for  lives  of  10*  cycles  to  failure)  the 
ratio  F to  N has  only  a small  effect  on  the  predicted  life,  the  dominating  factor  being  the  ratio 

F to  N Small  changes  in  F therefore  have  a marked  effect  on  predicted  life,  and  as  F is  derived 

cc  cc  cc  cc 

from  the  estimated  value  of  F , it  is  this  estimate  which  is  dominating  the  final  predicted  value. 

pp 

There  is  a need  obviously  to  improve  the  means  by  which  time  dependent  inelastic  strains  are  partitioned 
into  their  plastic  and  creep  components. 

5.4  THE  STRESS -STATIC  CREEP  APPROACH 

Earlier  work  at  NGTE  has  shown  that  in  many  instances,  particularly  when  rates  of  cycling  are  low, 
high  temperature  cyclic  loading  data  can  be  predicted  solely  from  a knowledge  of  static  creep  properties. 
Briefly,  the  approach  is  based  on  the  Graham  and  Wa‘ les  concept  of  creep  strain  accumulation  which  states 
that  strain  is  a function  of  stress,  time  and  temperature  such  that 


r A oB  tK  (T'  - T)' 
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This  equation  was  originally  developed  for  steady  stress  creep  but  it  can  be  applied  to  the  case  of  a test 
specimen  which  is  subjected  to  varying  cyclic  stress.  With  a tension-tension  triangular  waveform,  the  time 
to  failure,  t^,  is  given  by: 

tf  - U ♦!>  tc  ....(16) 

where  t equals  the  time^to  rupture  of  a static  creep  test  with  a stress  equal  to  the  maximum  stress  of  the 
triangular  waveform  and  — is  the  negative  of  the  reciprocal  of  the  slope  of  the  Graham  Walles  log  stress/ 
log  time-to-fai lure  plot  at  the  particular  maximum  stress  and  temperature  being  considered.  For  push-pull 
loading  the  time  to  failure  with  a triangular  waveform  is  given  by: 
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where,  because  ol  the  low  creep  ductilities  associated  with  Nimonic  90,  — is  equal  to  — . When  the  simple 

static  creep  approach  is  used  to  predict  the  life  in  a triangular  wavelorm  test  it  can  be  seen  that  the 
lime  to  failure  is  independent  of  the  frequency  of  testing. 

5.4.1  STRESS  AND  BASIC  SRI1  DATA  AT  8|0°C 

Through  the  dynamic  stress  strain  curve  there  is  a linear  relationship  between  log  shakedown-stress 
and  log  inelastic-strain  in  the  PP  tests  at  810  C.  Hence  an  equally  good  correlation  must  exist  between 
log  stress  and  log  , the  number  of  cycles  to  failure,  a relationship  shown  in  Figure  6.  II  it  is  assumed 

that  the  25  cpm  PP  tests  at  810°C  were  tailing  not  by  fatigue  but  by  cyclic  push-pull  creep  mechanisms 
then  a reasonable  estimate  of  the  time  to  failure  and  hence  of  these  tests  can  be  obtained  by  applying 
the  appropriate  shakedown  stress  and  Equation  17.  (This  prediction  will  only  give  an  approximate  answer 
as  the  equation  refers  to  constant  stress  conditions  whereas  in  strain  controlled  tests,  the  stress  range 
is  varying  hroughout  the  test.)  The  predicted  lile  line  for  creep  dominated  failures  is  also  shown  in 
Figure  6,  whence  it  can  be  seen  that  for  lives  of  less  than  10*  cycles  to  failure,  the  actual  number  of 
c ycles  to  failure  is  less  than  the  predicted  creep  failure  line.  This  helps  to  coni  inn  that  the  PP 
failures  at  810  C were  not  creep  dominated,  but  in  fact  were  true  fatigue  failures. 

There  appears  in  most  instances  to  be  a link  between  peak  shakedown  stress  versus  actual  number 
of  cycles  to  failure  in  the  CP  and  PC  tests  and  the  average  shakedown  stress  versus  cycles  to  failure  in 
the  PP  tests.  These  data  are  also  shown  in  Figure  6.  The  notable  exceptions  are  the  two  CP/PC  tests 
having  very  short  lives  - less  than  10  cycles  to  failure  in  both  cases.  It  is  unlikely  that  one  would 
get  a correlation  with  so  few  cycles  to  failure  because  whereas  the  bulk  of  the  PP  data  is  based  on 
Ninonic  90  work  softening,  in  the  case  of  only  10  or  less  cycles  to  failure  the  alloy  would  be  in  the 
work  hardening  regime.  Less  conclusive  is  the  agreement  between  semi-stress  range/total  inelastic  strain 
of  the  PC/CP  tests  and  of  the  PP  tests,  data  shown  in  Figure  7. 

The  above  observations,  coupled  with  the  similarity  in  strain  exponents  (versus  N .)  of  the  PP,  PC 
and  CP  life  lines  suggests  that  the  PP , PC  and  CP  tests,  are  all  *fatigue'  dominated;  in  other  words  the 
dominant  factor  is  the  number  of  cycles  and  not  length  of  time.  However,  it  is  pointed  out  that  if  the 
CP/PC  tests  are  assumed  to  consist  of  a J cycle  of  square  wave  creep  followed  by  a j cycle  of  50  cpm 
triangular  waveform  creep,  for  all  but  one  of  the  tests  lives  are  within  a factor  of  two  of  those 
predicted  by  the  creep  approach. 

The  final  comments  in  this  section  on  the  relationship  between  stress  and  basic  life-lines  at  810°C 
concern  the  CC  data.  The  CC  experiments  are  similar  in  nature  to  push-pull  tests  (except  for  the  varying 
load  as  opposed  to  the  constant  level  of  load  control  tests);  the  NCTE  creep  based  prediction  for  this 
type  of  test  is:  j 
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where  t^,  t^  and  jj-  are  as  described  for  Equation  17.  The  CC  tests  should  therefore  last  slightly  longer 

than  their  comparative  static  creep  data.  The  actual  810°C  static  creep  data  for  the  alloy  used  in  these 
experiments  are  replotted  in  Figure  8,  which  also  includes  the  relevant  data  from  the  CC  tests;  there  is 
very  good  agreement  between  the  two  sets  of  data.  It  is  interesting  to  recall  - see  Section  5.2  - that 
when  the  CC  data  were  plotted  on  a strain  versus  cycles  to  failure  basis,  the  scatter  was  such  that  it 
was  difficult  to  fix  the  position  of  the  best  fit  line. 

The  results  to  date  suggest  that  when  "fatigue"  is  the  major  damaging  mechanism  data  are  best 
described  in  terms  of  inelastic  strain  and  number  of  cycles  to  failure  but  when  creep  failure 
mechanisms  are  involved  stress  and  time  on  load  are  the  important  lifing  parameters. 

5.4.2  STRESS  AND  LIFE  PREDICTION 

It  was  shown  in  Section  5.4.1  that  at  8 10°C  fatigue  failures  could  be  expected  in  25  cpm  triangular 
push-pull  loading  tests  provided  the  number  of  cycles  to  failure  did  not  exceed  10s.  Similarly,  creep 

summations  show  that  fatigue  must  be  the  dominating  failure  mechanism  in  25  cpm  tests  at  610  C.  It  is  no 

surprise  therefore  to  see  the  marked  similarity  between  the  PP  life  lines  at  these  two  temperatures. 

When  the  900  C PP  data  were  analysed  using  the  stress  - static  creep  approach  it  was  clear  that  most  of 
the  tests  were  failing  at  around  3 times  their  predicted  creep  lives;  data  illustrating  this  point  are 
given  in  'fable  VI.  This  may  at  first  sight  seem  to  be  inconsistent  but  previous  work  at  NCTE  has  shown 
that  just  as  there  is  a frequency  effect  when  one  talks  in  terms  of  fatigue  so  there  is  a similar 
phenomenon  connected  with  cyclic  creep.  In  fatigue  situations,  life  (in  terms  of  the  number  of  cycles  to 
failure)  is  independaut  of  frequency  over  a wide  range  of  frequencies  and  only  at  the  lower  frequencies 
does  life  show  a decrease.  In  cyclic  creep,  life  (but  this  time  in  terms  of  time  to  failure)  is 
independant  of  frequencies  at  low  frequencies  but  increases  as  the  rate  of  cycling  is  raised  beyond  a 
critical  point.  The  frequency  effect  in  cyclic  creep  therefore  is  seen  as  an  increase  in  both  the  time 
and  the  number  of  cycles  to  failure.  This  life  extension  effect  can  be  explained  by  the  concept  of 
effective  stress  and  is  described  elsewhere^.  Briefly,  it  has  been  shown  that  alloys  do  not  creep  under 

the  driving  force  of  the  full  applied  stress  (a  ) hut  under  an  effective  stress  (ne)  equal  to  ofl  less  an 

inherent  stress  termed  the  friction  stress  (o  ) which  is  both  structure  and  apnlied  stress  dependent. 

With  low  rates  of  cycling  the  instantaneous  applied  stress  and  the  corresponding  friction  stress  are  in 
phase,  with  the  instantaneous  value  of  friction  stress  being  equal  to  that  observed  in  a static  creep 
test  at  the  same  applied  stress  level  as  the  instantaneous  applied  stress  in  the  cyclic  test.  For  low 
rates  of  cycling  therefore  the  equilibrium  balance  between  and  a ^ is  maintained  and  the  prediction 
equations  based  on  static  creep  data  give  an  accurate  forecast  of  life  under  cyclic  loading. 


However,  whereas  the  rate  of  build-up  of  oq  with  increasing  ofl  is  almost  instantaneous,  its  rate  of 
decrease  during  the  unloading  part  of  the  cycle  is  limited  by  normal  metallurgical  recovery  processes 
and  so  for  higher  frequencies  of  loading,  oo  cannot  fall  sufficiently  rapidly  to  maintain  the  equilibrium 
value  corresponding  to  the  applied  stress.  Under  these  conditions  the  effective  stress  operating 
(o  - oQ)  is  lower  than  expected  and  hence  less  damage  occurs  than  predicted  from  the  simple  creep 
approach.  The  overall  effect  of  increasing  frequency  of  testing  is  therefore  to  increase  not  only  the 
time  to  failure  but  also  the  number  of  cycles  to  failure. 

It  may  be  recalled  from  Section  5.3  that  the  SRP  approach  was  not  very  accurate  when  used  to 
predict  the  lives  of  the  cyclic  tests  conducted  at  2 cycles  per  minute  and  10  cycles  per  hour.  The  NGTE 
stress-static  creep  approach  on  the  other  hand  should  predict  the  lives  of  these  tests  accurately  as  it 
was  for  this  type  of  testing  that  the  method  was  devised;  the  stress/creep  predictions  for  the  low 
frequency  tests  are  compared  with  the  actual  lives  obtained  and  the  lives  predicted  using  SRP  (from 
Table  V)  ir  '*able  VII.  Predicted  and  observed  lives  for  both  the  SRP  and  the  creep  predictions  are  also 
compared  in  Figure  9,  which  clearly  shows  that  whereas  all  but  one  of  the  creep  predictions  are  within 
a factor  of  2 on  life  only  one  of  the  SRP  predictions  falls  within  the  same  bounds  on  life.  This  finding 
tends  to  support  the  comment  made  earlier  that  when  time  dependent  mechanisms  are  involved  stress  and 
time  are  often  better  lifing  parameters  than  strain  and  number  of  cycles  to  failure. 

6.  FINAL  COMMENTS  AND  CONCLUSIONS 

1.  Strain  range  partitioning  lifelines  for  Nimonic  90  at  810°C  have  been  established  and  used 
to  predict  lives  of  tests  carried  out  at  low  frequencies  and  at  650  and  900  C. 

2.  The  number  of  cycles/strain  approach  to  high  temperature  low  cycle  fatigue  provides  an 
excellent  means  of  presenting  data  so  long  as  the  frequency  of  testing  is  sufficiently  high  to  avoid 
time  dependent  damage  mechanisms  (creep).  It  is  possible  to  predict  PP  fatigue  data  over  a limited 
temperature  range  using  a ductility  normalised  life  relationship.  For  example,  although  25  cpm  PP  data 
at  650  C could  be  predicted  fromtho6eat  810  C,  the  prediction  at  900  C greatly  overestimated  the  actual 
life. 


3.  In  practice,  it  may  not  be  possible  to  attain  the  predicted  fatigue  life  line  at  very  high 
temperatures,  even  at  high  frequencies  of  testing,  due  to  the  introduction  of  creep  damage.  Earlier  work 
at  NGTE  on  the  effect  of  frequency  on  the  life  of  stress-controlled  high  temperature  low  cyclic  fatigue 
suggested  that  at  the  upper  end  of  the  temperature  scale  a limiting  time  to  failure  was  reached  which 
was  independent  of  frequency.  The  upper  and  lower  bounds  on  life  of  the  cyclic  creep  frequency  effect 
can  be  predicted  using  the  effective  stress  concept. 

4.  The  CP/PC  life  lines  at  810°C  appeared  to  be  fatigue  dominated  as  strain  exponents  were 
similar  to  that  of  the  PP  data  and  a reasonable  correlation  was  found  between  maximum  stress/N^.  for  the 
CP/PC  tests  and  average  shakedown  stress/N^  for  the  PP  data.  Lives  predicted  via  the  ductility  normalised 
approach  were  rather  inaccurate  suggesting  that  the  constants  in  the  present  'universal'  equations  may 
need  to  be  varied  depending  on  the  type  of  material  under  consideration. 

5.  The  CC  strain/N,  data  at  810°C  showed  a large  amount  of  scatter,  a fact  not  seen  when  the 
same  data  were  plotted  on  a stress/ time-to-fai lure  basis.  In  fact,  the  results  obtained  in  the  CC  tests 
were  identical  to  the  values  predicted  using  the  stress/static-creep  data  approach. 

6.  A point  requiring  further  investigation  is  the  possible  effect  of  anelasticity  on  the 
partitioning  of  inelastic  strains.  Because  of  the  likely  magnitude  of  the  anelastic  strain  component, 
its  effect  will  be  most  marked  at  low  levels  of  strain. 

7.  The  SRP  approach  did  not  give  accurate  predictions  of  the  lives  of  low  frequency  tests 
conducted  at  810  C whereas  the  simple  creep-stress/ time-to-failure  method  was  accurate  to  within  a factor 
of  about  2 on  life. 

8.  There  are  indications  that  when  true  low  cycle  fatigue  is  the  dominant  failure  mechanism 
strain  and  number  of  cycles  are  the  best  parameters  on  which  to  base  life  predictions  but  when  creep 
damage  is  introduced  greater  accuracy  may  be  obtained  by  using  8 tress/ time-to-fai lure  relationships. 
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TABLE  I* 

Alloy  details:  Nimonic  90 


Composition 
(wt  Z) 

A1 

B 

n 

Co 

Ti 

Cr 

D 

Ni 

1.46 

0.035 

0.09 

16.20 

2.43 

19.45 

0.06 

Rem 

Processing 

Cold  drawn  bar.  14  ran  diameter  (STS  6409) 

ASTM  Grain  Size:  4 

Heat  treatment 



1080°C  - 8 hours  Air  cool 
♦700°C  - 16  hours  Air  cool 

TABLE  II 
Tensi le  data 


Temperature 

°c 

0.2Z  Proof 
HN/O' 

UTS 

Ml/m1 

Reduction 
of  Area  Z 

Rate  of 
testing  * 

650 

737 

1087 

30 

slow 

810 

590 

712 

20 

slow 

627 

839 

16 

fast 

900 

348 

383 

40 

8 lOW 

(slow:  * 0.002  strain  per  minute  to  proof  stress  and 
0.1  per  minute  thereafter 

fast:  equivalent  to  25  cpm  triangular  waveform  testing 


Chemical  compositions,  material  processing,  heat  treatments  and  mechanical  properties  for  each  tested  alloy,  as  well  as  the  data 
generated  in  the  programme,  arc  given  in  Appendix  A I. 


TABLE  HI 


Basic  SRP  life-line  data  at  810  C 


Partitioned  strain  % 


Stress  limits 
MN/m1 


At  At  At  At 

pp  pc  cp  cc 


45  1.336  0.234  1.102 

46  0.297  0.116  0.181 

47  0.041  0.011  0.030 


849  578 
586  409 
486  271 


1.265  0.251 
0.284  0.108 
0.053  0.014 
0.026  0.014 


Calculated  life  if  ALL  At.  was  CP,  PC  or  CC 


I • 1'  I ou  i tu  i u ttu  1 1 1 c 1 I null 

pred  

*:  Well  documented  tests  - see  text 


PP  data  at  650  and  900  C 


Stress 

limits 

Test 

Temperature 

Ac . 
in 

m/m' 

Nf 

C 

z 

— 

0 

c 

hours 

2 

1.32 

7 56 

770 

296 

0.2 

85 

0.904 

746 

768 

570 

0.  38 

84 

650 

0.510 

583 

609 

2021 

1.35 

3 

0.390 

554 

572 

2574 

1.72 

86 

0.011 

518 

589 

137000  UB 

91.3  UB 

82 

0.876 

366 

386 

200 

0.13 

79 

0.351 

348 

372 

640 

0.43 

80 

900 

0.050 

320 

348 

4082 

2.72 

87 

282 

310 

6181 

4.12 

83 

0.023 

270 

270 

15590 

10.4 

92 

0.007 

214 

269 

45730 

30.5 

TABLE  V 


Frequency  effect  at  B10°C 


Test 

Frequency 

Ac . 
in 

Z 

Ac 

Ac 

cc 

7. 

Ao 

Nf 

'f 

hours 

PP 

7. 

MN/m1 

Actual 

SRP 

* 

Prediction 

69 

0. 138 

0.  138 

0 

892 

1391 

3350 

11.6 

7 

“ 2 cpm 
(0.033  Hz) 

0.176 

0.115 

0.061 

900 

1168 

1372 

9.6 

10 

0.825 

0.570 

0.255 

1036 

174 

25 

1.45 

77 

0.467 

0.125 

0.342 

878 

110 

44 

9.1 

76 

- 12  cph 
(0.003  Hz) 

0.332 

0.085 

0.247 

841 

242 

97 

21.7 

78 

0.196 

0.035 

0. 161 

760 

980 

308 

78.2 

* Estimated  from  dynamic  stress-strain  curve 


TABLE  VI 

Creep  prediction  of  the  900°C  PE  data 


Tes  t 

6o/2 

MN/m’ 

Time  to  Failure  (hours) 

Actual 

Creep 

Prediction 

82 

376 

0.13 

0.2 

79 

360 

0.43 

0.4 

80 

334 

2.72 

0.6 

87 

296 

4.12 

1.7 

83 

270 

10.4 

3.6 

92 

242 

30.5 

9.0 

TABLE  VII 

Comparison  between  SRP  and  Creep  Predictions 


Test 

Frequency 

Nf 

Actual 

SRP 

Prediction 

Creep 

Prediction 

69 

1391 

3350 

1485 

7 

“ 2 cp  minute 
(0.033  Hz) 

1168 

1372 

1369 

10 

174 

25 

405 

76 

242 

97 

226 

77 

a 12  cp  hour 
(0.003  Hz) 

no 

44 

163 

78 

980 

308 

592 

STRESS  MN 


<,  I ’ 


Kig.  2 


Static  and  dynamic  stress/strain  curves  for  Nitnonic  90  at  810  C 


INELASTIC  STRAIN  RANGE  STRESS  MN/ 


MN/mJ  plastic  strain  range 


I,  t s 


Fig  7 Semi  stress  range/inelastic  strain  range  relationships  for  PP,  PC  and  CP  test  data  - 
Nimunic  90  at  810°C 


Fig  8 SRP  creep-creep  data  auper imposed  onto  static  creep  data  - Nimonic  90  at  810°C 
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APPENDIX  Al 

Calculation  ol  equivalent  gauge  lengt lib  lor  t he 
NCTK  strain  control  led  test piece 


The  form  of  the  test  specimen  used  at  NCTK  for  strain  controlled  latigue  data  acquisition  is  shown 
in  figure  Al-1.  The  longitudinal  extension  actually  measured  is  that  occurring  between  the  two  extensomeler 
shoulders,  X-X*  . In  order  to  convert  this  extension  into  what  is  actually  required,  that  is  strain  in  the 
parallel  gauge  length,  it  is  necessary  to  know  the  equivalent  gauge  lengths.  These  are  the  values  which, 
when  divided  into  the  measured  elastic  and  inelastic  extensions,  give  the  actual  elastic  and  inelastic 
strains  within  the  parallel  sided  section. 

In  order  to  calculate  the  equivalent  gauge  lengths,  that  portion  of  the  specimen  between  the 
extensometer  location  points  is  assumed  to  be  split  up  into  a series  of  elements  each  of  equal  thickness 
and  concentric  to  the  specimen  axis,  Figure  Al-1.  It  is  further  assumed  that  plane  sections  remain  plane. 

The  plastic  strain  in  any  element  can  be  related  to  the  stress  acting  through  an  equation  of  the 

form: 


B o 


Al-1 


Therefore,  if  the  thickness  of  each  element  in  the  non  parallel  section  is  equal  to  H and  the 
localised  plastic  strain  equal  to  t^.,  then  the  plastic  extension  of  each  element  (X^.)  is  given  by 


X . - He. 

pi  pi 

The  total  plastic  extension  between  the  shoulders  X-X*  (X  , ) is 
r pxx 

n 


pxx 


X . ♦ 2 
Pfcl 


Y x . 
Z_  pi 


Al-2 


Al-3 


i-1 


where  x j is  the  plastic  extension  in  the  parallel  gentle  length- 
ily combining  Equation  Al-1,  Al-2  and  Al-3  it  can  be  seen  that 


X , - X , ♦ 2HB  > om 

pxx'  pgl  Z-  i 

i-1 


...Al-4 


If  the  stress  and  area  in  the  parallel  section  are  o and  A respectively,  and  those  in  element  i 

'a  A 


equal  to  o.  and  A.,  then 

l l * 


O . *0 


° lAiy 


and,  from  Figure  Al-1, 


Ai  . X [r  ♦ i - AT-  y‘] 

Equation  Al-5  and  Equation  Al~4  can  be  combined  to  give 

Xpgl  4 2HB  % Ao  X (f  f 


pxx 


. Al-5 


....Al-6 


....Al-7 


i-1 


Now  if  ho  ia  the  length  of  the  parallel 


aection  and  F 

P 


the  plastic  equivalent 


gauge  length  then 


F 

P 


Al-B 


but  X^j  ia  equal  to  the  length  of  parallel  section  (hQ)  multiplied  by  the  plastic  strsin  (t  gj). 
Therefore,  from  Equation  Al-1 


pgl 


h B'j 
o o 


. .Al-9 


Combining  Equation  Al-7,  Equafion  Al-8  and  Equation  Al-9  gives 


F - h ♦ 2H  A 
p o o 


Kir) 

i-1  1 


, ..Al-10 


MM 


The  plastic  equivalent  gauge  length  is  therelore  material  dependent  and  can  only  be  obtained  from  a 
knowledge  of  the  stress  exponents  governing  plasticity.  In  static  situations  the  monotonic  stress  exponent 
applies  but  in  cyclic  work  the  dynamic  exponent  is  used.  For  the  elastic  situation,  the  stress  exponent 
m is  equal  to  unity  and  so  the  elastic  equivalent  gauge  length  is  material  independent  and  is  given  by 

n 

fE  • hot2H*oI(r) 
i-1  1 


The  total  strain  in  the,  parallel  section  in  terms  of  the  extension  measured  between  points  X-X*  in 
Figure  A 1 — 1 is  the  sum  of  the  elastic  and  plastic  components, 


‘total 


A1-J2 


Finally,  for  Nimonic  90  at  810°C  static  tensile  plasticity,  dynamic  tensile  plasticity  and  creep 
plasticity  all  have  stress  exponents  in  the  range  8 to  12,  and  so  for  convenience,  a single  value  of  F 
equal  to  14.5  ran  was  used  throughout  the  strain  range  partitioning  test  programme.  p 
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SUMMAMY 

The  ability  ol'  Strain  Mange  Partitioning  (SMP)  to  predict  the  low  cycle  fatigue  life  o 1 
the  nickel  base  alloy  WASPAI.OY  has  been  examined.  From  a limited  series  of  fully  reversed 
strain  controlled  low  cycle  fatigue  and  cyclic  creep  testing  at  700°C  the  basic  partitioned 
life  relationships  have  been  established.  It.  is  shown  that  from  these  basic  relationships 
reasonable  life  to  failure  prediction  is  possible  lor  more  complex  combined  creep  - 
fatigue  interactions. 

It  is  observed  from  the  experimental  test  data  that  there  are  marked  differences  in  the 
mean  stress  levels  generated  for  each  strain  range  component  and  level  of  inelastic  strain 
range.  It  would  appear  from  this  preliminary  examination  of  SMP  that  the  ana  lysis  and 
life  prediction  of  particular-  complex  hysteresis  behaviours  is  not  limited  by  mean  stress 
differences  in  the  baseline  data. 


NOMENCLA  TIJME 

At  pp 
At  pc 
At  cp 
At  cc 


Plastic/Plastic  strain  range 
Plastic/Creep  strain  range 
Creep/Plastic  strain  range 
Creep/Creep  strain  range 


At  in 
A£  el 


Nfpp 
Nfpc 
Nf  cp 
Nfec 
Nf  PHE 
O'  m 


Total  inelastic  strain  range 
Elastic  strain  range 


At  t 

• - 

Total  strain 

range 

Fpp 

- 

PP 

i ne las t ic 

s t ra i n 

f rac t i on 

fpc 

- 

PC 

inelastic 

strain 

f rac t i on 

Fcp 

- 

CP 

inelastic 

s t ra i n 

f rac t i on 

Fee 

- 

CC 

i nel ast i c 

strain 

f rac t ion 

Nf 

- 

Cycles  to  fai 

1 ui  e 

Derived  PP  cyclic  life 
Derived  PC  cyclic  life 
Derived  CP  cyclic  life 
Derived  CC  cyclic  life 
Predicted  cyclic  life 
Mean  Stress 


t 
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INTRODUCTION 


The  Strain  Range  Par t i t i on i ng  approach  to  high  temperature  low  cycle  fatigue  prediction 
has  been  the  subject  of  extensive  investigation  by  the  NASA  - Lewis  Research  Centre 
(Ref'  1 and  2)  to  the  stage  where  considerable  confidence  is  being  expressed  i ri  its 
capabilities.  The  concept  of  SRP  is  based  on  the  recognition  that  any  cyclic  stress- 
strain  history  (hysteresis  loop)  is  developed  from  two  directions  of  straining  ie  tension 
and  compression  and  two  types  of  inelastic  strain  of  either  a time  independant  nature 
(plastic)  or  of  a time  dependant  nature  (creep).  from  the  association  of  the  two 
directions  .and  the  two  types  of  strain  there  are  the  following  four  basic  strain  range 
combinations . 


1 . Tensi le 

2.  Tensile 

3 . Tens i 1 e 
and 

4 . Tens i 1 e 


plasticity  reversed  by  compressive  plasticity, 
creep  reversed  by  compressive  plasticity,  (CP) 
plasticity  reversed  by  compressive  creep  (PC) 
creep  reversed  by  compressive  creep  (CC) 


(PP) 


for  each  of  the  above  basic  strain  ranges  a life  relationship  can  be  established  by 
laboratory  testing  and  employed  in  an  interaction  damage  rule  to  predict  the  life  of  the 
more  complex  stress-strain  histories  experienced  in  practice. 

To  establish  greater  confidence  in  the  SRP  concept  a co-operative  programme  has  been 
established  by  the  Advisory  Group  for  Aerospace  Research  and  Development  (AGARD) 
involving  many  participating  organisations  embracing  different  materials  and  testing 
techniques.  This  paper  summarises  the  evaluation  programme  completed  by  the  Rolls-Royce 
Limited  Aero  Division  Laboratories. 


The  authors  extend  their  apologies  to  AGARD  and  the  participating  organisations  for  not 
completing  the  evaluation  programme  in  the  agreed  time  scale,  due  solely  to  conflicting 
work  pressures.  As  a result  of  this  delay  it  was  not  possible  to  issue  this  paper  in 
advance  of  the  Specialist  Meeting  held  at  Aalborg  Denmark  in  April  1S78. 


MATERIAL 

The  material  employed  in  this  evaluation  is  WASPALOY , a Ni  Rase  Alloy  used  extensively 
for  turbine  discs  in  present  day  gas  turbine  engines.  All  specimens  were  machined  from 
a single  fully  heat  treated  disc  forging  with  the  specimen  axis  in  the  radial  direction. 
Pasic  materials  data  is  given  in  Table  I * (lee  Footnote  on  p.7  4). 

A base  temperature  of  700°C  was  selected  for  this  evaluation  being  somewhat  high&r  than 
the  normal  application  temperature  for  this  material.  The  aim  of  selecting  this 
relatively  high  temperature  was  to  achieve  a significant  level  of  creep  in  the  base  tests. 


EXPERIMENTAL  METHOD 


Axial  strain  controlled  testing  was  conducted  at  various  strain  rates  between  0.5  and 
10%/sec.  employing  basically  triangular  waveform  with  and  without  tensile  and/or 
compressive  stress  or  strain  hold  periods.  A fully  reverse  - zero  mean  strain  cycle  was 
used  for  all  tests. 

Testing  was  carried  out  on  a "Mayes"  50  KN  servo-hydraulic  closed  loop  fatigue  machine 
in  association  with  an  LVDT  extensome ter , resistance  furnace  and  monitoring  equipment 
( F i g . 1 ) . 

The  specimen  design  (Fig. 2)  was  initially  established  from  photoelastic  analysis  and  has 
more  recently  been  the  subject  of  finite  element  plastic  analysis.  However,  further 
analysis  is  in  hand  to  establish  the  effective  gauge  length  applicable  and  therefore  for 
this  preliminary  paper  all  strains  are  based  on  a nominal  gauge  length. 


THE  SRP  EVALUATION  PROCEDURE 

High  temperature  strain  controlled  low  cycle  fatigue  tests  were  conducted  as  recommended 
by  Hirschberg  and  Halford  (Ref  2)  to  develop  hysteresis  loops  of  the  type  illustrated  in 
Fig  3 in  order  to  establish  the  four  baseline  SRP  life  relationships.  Throughout  the 
transient  parts  of  each  loop  a high  strain  rate  is  maintained  to  minimise  the  time 
dependant  or  creep  influence.  On  this  basis  it  is  assumed  in  the  resulting  loop  analysis 
that  creep  is  only  present  when  tension  and/or  compression  hold  periods  are  introduced, 
either  at  constant  stress  or  constant  strain.  Accepting  this,  hysteresis  loops  embracing 
PP  only  or  PP  and  PC  or  PP  and  Cl*  or  PP  and  CC  can  be  read! ly  established. 

By  applying  a fractional  analysis  of  each  half  life  (or  stabilised)  hysteresis  loop 
relating  the  partitioned  strain  range  to  the  total  inelastic  strain  range  and  substituting 
the  appropriate  data  in  the  following  proposed  interaction  damage  rule  the  four  partitioned 
life  relationships  are  derived. 
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Having  established  the  partitioned  life  relationships,  the  main  objective  of  this  programme 
is  addressed,  namely  an  examination  of  the  predictive  accuracy  of  the  Slip  method.  This  is 
examined  by  completing  a number  of  complex  tests  and  coirparing  the  lives  obtained  with 
those  predicted  from  the  fractional  strain  range  analysis  of  the  particular  test  loop,  the 
corresponding  baseline  data  and  the  application  of  the  interaction  damage  rule.  The 
"complex"  tests  employed  in  this  evaluation  programme  were  limited  to  3 unbalanced  cyclic- 
creep  rupture  tests  embracing  Id',  Cl'  and  CC  inelastic  strain  range  components. 


HEStJl.TS  AMI  DISCUS  SION 

A complete  listing  of  baseline  and  "complex"  test  data  is  given  in  Table  II. 

At  this  point  in  time  the  baseline  SHI’  lines  have  been  established  on  a minimum  of 
experimental  data  comprising  of  4 Id'  tests,  2 CP  and  CC  tests  and  a single  PC  test  result 
(Fig  4).  From  this  limited  data  the  following  SUP  life  to  failure  relationships  are 
i ndi ca ted : 
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15.4 

Nf 

-0.52 

it  will  be  noted  (Fig  5)  that  marked  differences  in  the  partitioned  inelastic  strain 
range  life  relationships  are  indicated  for  Waspaloy  at  700°C . In  relation  to  the  total 
inelastic  strain  range,  CP  and  PC  exhibit  relatively  high  damage  content  and  PP  low 
damage.  The  CC  relationship  also  suggest  a higher  damage  content  than  Id',  but  somewhat 
more  dependent  on  the  applied  inelastic  strain  range. 

Initially  some  experimental  difficulties  were  experienced  particularly  in  developing  a 
high  fraction  of  the  inelastic  strain  component  being  studied  with  strain  hold  testing. 

For  this  reason  stress  hold  testing  was  adopted.  A single  THSC  test  result  with  a CP 
fraction  of  0.26  (SFSO)  has  however  been  used  in  the  absence  of  any  more  meaningful  data. 
The  reliability  of  the  CP  curve  may  therefore  be  in  some  doubt. 

Half  life  analysis  of  the  base  SHI'  tests  show  some  notable  behaviour  patterns  in  relation 
to  mean  stress  levels  (Fig  6)  and  stress  ranges  (Fig  7)  developed.  Within  the  range  of 
the  tests  covered,  both  Id'  and  CP  loops  generate  compressive  mean  stresses  and  PC  tensile 
mean  stress.  The  CC  loops  however  generate  tensile  or  compressive  mean  stresses  depending 
on  the  level  of  the  applied  inelastic  strain  range.  In  both  CC  tests  the  specimen  was 
subjected  to  tension  in  the  first  half  cycle.  Despite  tfiese  differences  in  mean  stress 
level  close  agreement  is  shown  for  the  half  life  stress  range  - inelastic  strain  range 
relationship  for  PP,  CP  and  PC  loops.  The  stress  range  for  the  CC  loops  is  somewhat 
lower.  This  observation  of  the  linear  relationship  of  half  life  stress  range  and  inelastic 
strain  range  is  possibly  worthy  of  further  study  in-as-much  it  clearly  indicates  an  equally 
good  life  relationship  could  be  established  in  terms  of  stress  range. 

Whilst  in  general  an  understanding  for  the  resulting  stress  levels  can  be  obtained  from  a 
detailed  examination  of  each  hysteresis  loop  it  is  important  for  later  discussion  to 
recognise  these  behaviour  patterns  exist  in  the  baseline  data,  both  between  partitioned 
strain  ranges  and  within  a particular  partitioned  strain  range. 

Having  established  the  baseline  relationships,  albeit  from  a total  of  some  9 results,  a 
preliminary  examination  of  the  prediction  aspects  of  SRP  have  been  made  from  the  analysis 
of  3 "complex"  experimental  hysteresis  loops.  These  tests  were  of  an  unbalanced  cyclic 
creep  rupture  (UCCIl)  type  embracing  PP,  CP  and  CC  corroonents.  (Fig  8).  Testing  was 
arranged  to  provide  an  assessment  of  both  variations  in  total  inelastic  strain  range  and 
component  fraction.  Care  was  also  taken  to  ensure  these  tests  were  within  or  close  to  the 
experimental  ranges  of  d in,  Nf  and  total  time  covered  by  the  baseline  curves,  thus 
avoiding  any  serious  extrapolation  of  this  limited  data. 

For-  each  "complex"  test  the  total  inelastic  strain  range  was  used  to  obtain  the  respective 
Nf pp , N fc p and  Npcc  lives  (no  PC  component  present)  from  the  baseline  relationships.  Also, 
an  analysis  of  each  half  life  loop  was  made  to  establish  the  component  inelastic  strain 
range  to  total  inelastic  strAln  range  fraction,  thereby  providing  the  data  required  for 
the  proposed  interaction  damage  rule,  from  which  the  predicted  life  to  failure  was  obtains. ’ 

A comparison  of  the  predicted  and  observed  (experimental)  lives  for  these  three  "complex" 
tests  (Fig  9)  shows  some  measure  of  agreement.  Two  tests  are  well  within  an  acceptable 
life  factor  of  2 to  1,  however  a third  test  is  less  satisfactory,  the  predicted  life  being 
pessimistic  ( ie  safe)  by  a factor  of  some  4 to  1 on  life.  Examination  of  the  different 
parameters  used  in  these  three  tests  (Table  II)  offers  no  immediate  explanation  for  this 
discrepancy  except  that  the  poor  life  agreement  iB  associated  with  the  longer  life  test. 
Accepting  the  limitation  of  the  sparse  baseline  data  this  may  be  indicative  of  a problem 
with  the  SHP  method. 


Returning  to  the  question  of  resulting  stress  levels,  it  is  again  observed  that  the  mean 
stress  level  generated  1 or  the  "complex"  test  loops  is  grossly  different  to  the  appropriate 
( i v same  inelastic  strain  range)  baseline  data  previously  referred  to  and  employed  in  the* 
life  prediction  calculation.  For  example  Specimen  SF  1 9 the  following  applies: 

Aim  = 2. 07% 

a m * ♦ 100.8  MPa 

Corresponding  baseline  data  (See  Fig  6 A6  in  2.07%) 

a mpp  * " 40  Ml'a 

O n»cc  = - 100  MPa 

O mcp  * - 175  MPa 

Thus,  although  the  conditions  of  inelastic  strain  range  are?  identical,  the  SRP  method  has 
employed  baseline  data  with  a compressive?  mean  stress  for  the  life  prediction  of  a 
"complex"  hysteresis  loop  with  i\  tensile  mean  stress.  At  first  sight  this  anomaly  appears 
unacceptable  since  most  methods  of  life  prediction  being  applied  to  engineering  components 
incorporate  some  allowance  for  mean  stress  or  stress  ratio,  never- the- less  the  generally 
good  life  prediction  obtained  f rom  this  evaluation  cannot  be  ignored.  Further,  the  dis- 
crepancy in  life  prediction  shown  with  the  3 "complex"  tests  is  not  readily  explained  by 
such  stress  effects. 

Finally,  it.  should  also  be  mentioned  that  it  has  clearly  not  been  possible  from  these 
results  to  obtain  any  indication  of  the  overall  scatter  that  may  be  expected  to  establish- 
ing the  baseline  data.  This  aspect  is  considered  to  be  of  utmost  importance  since  it  will 
ultimately  reflect  in  the  predictive  accuracy  of  the  SRP  method. 


CONCFUS 1 ON 

From  preliminary  results  on  Waspaloy  at  700°C  and  fully  reversed  strain  cycling,  promising 
life  prediction  is  shown  for  the  Strain  Range  Partitioning  Method.  bong  life  prediction 
may  not  be  of  acceptable  accuracy. 
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Chemical  compositions,  material  processing,  heat  treatments  and  mechanical  properties  for  each  tested  alloy,  as  well  as  the  data 
generated  in  the  programme,  are  given  in  Appendix  A 1. 


DESCRIPTION  : NICKEL  BASE  ALLOY  : WASPALOY 


00  • 

8: 


7-5 


o 5 
a.  o d 


on 

X 


on  , 
3 < 


5 8 3 


88 

O o o 


z§§ 

5 o o 


i/)  ar 
**  X 

gs 


• jr  ® •-  K 
O'  K -O 


£ to 

1 1 

o 

s 

o 

u 
o 
z 


X 

u 


o 

at 

P 


3 < 


O 

a 


2 

3 

3 

$ 


o 

on 


X 

»- 

O 

a 

Z 

< 

u 

Q 


«§ 
wi  o o 


U.  CM  O 

o ro 
o 8 
®oo 

88 

ncOO 

Noo 


88 

— ; O 

O d d 


< - - 

_88 

*-  d cm 

o§§ 

Enin 


z 

o 


0 

1 

o 

<J 

6 

3E 

UJ 

X 

u 


8 2 ^ 


at  — as 
U « - 


_ 5 
Z <£- 


Ixz 


> 

a 

O 

UJ 

8 

u 

& 

° 


z 

0 

p- 

1 

o 


§§  3 


o 

8 

>- 

o 

¥ 


u 

< 

S 


X 

2 

+ 

u 

£ 

< 

5 

§ 

oc 

I 

I 
— 1 
on 

i 

■* 

♦ 

O 

* 

oo 

Q 

a. 

3 

u 

o 


Z 

2 


2 

X 


3 

U 


u 

o 


z 

S 

o 

It 


Z 

3 


St 

o 


SCg 

*|  ■ 8 S I s 


u 


2*  » R s s s 


UJ  R 8 CM  CM  S 


^ n 0 © n 

2 ?S8U 


« g o <o  ^ 

& * S R 3 


8*2 


u 

o 


I s I 8 i 8 


TABLE  1 MATERIAL  DATA 


FIG  5.  WASPALOV  - 700  C.  SRP  LIFE  RELATIONSHIPS  (LIMITED  DATA) 
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FIG  6.  HALF  LIFE  MEAN  STRESS/TOTAL  INELASTIC  STRAIN  RANGE 
RELATIONSHIPS  OBSERVED  IN  BASELINE  SRP  TESTS 


O 34 

PP,  CP  & PC 


O HRSC  PP 
A THSC  I 
V TCCR  > 

O CCCR  PC 
□ BCCR  CC 


INELASTIC  STRAIN  RANGE  - % A t in 

FIG  7.  HALF  LIFE  STRESS  RANGE /TOTAL  INELASTIC  STRAIN  RANGE 
RELATIONSHIPS  OBSERVED  IN  BASELINE  SRP  TESTS 


HIGH  TEMPERATURE  LOW  CYCIi?  FATIGUE  BEHAVIOUR  OF  CABT  1N73 810  AIJOY 
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Via  Induno,  10  - 20092  Cinisello  B.  (Milano)  Italy 


SUMMARY 

The  high  temperature  low  cycle  fatigue  behaviour  of  a nickel  base 
alloy  in  the  cast  condition  was  investigated  by  carrying  out  tests 
tinder  diametral  strain  controlled  conditions. 

The  effect  of  anisotropy  at  diametral  strain,  which  was  especially 
marked  in  the  cast  alloys  owing  to  the  large  grain  size,  was  offset 
by  mounting  the  diametral  extensometer  at  a position  along  the  min 
imum  diameter  section  of  the  specimen  where  Poisson's  ratio  as- 
sumed its  mean  value.  Cyclic  and  fatigue  tests  under  conditions  of 
constant  amplitude  diametral  strain  and  at  two  different  strain 
rates  were  carried  out  on  IH'/  jliU'.  alloy  at  the  temperature  of 
850°C.  The  results  obtained  confirm  the  repeatability  of  tlx-  tests 
carried  out. 

A start,  therefore,  was  made  into  the  study  of  the  material's  be- 
haviour with  a view  to  evaluating  the  applicability  of  the  Strain 
Range  Partitioning  method  also  to  this  type  of  alloy. 


1.  HffRODUCTION 

II je  study  of  high  temperature  low  cycle  fatigue  UfTIOF)  behaviour  of  metal3  is  being  carried  out  more  and 
more  with  hourglass  specimens  and  under  diametral  strain  controlled  conditions.  The  undeniable  advantages 
resulting  from  the  choice  of  these  specimens  which  are,  moreover,  extensively  described  in  the  literature, 
offset  by  the  incertainties  resulting  from  anisotropy  at  the  diametral  strain  whose  problems  lave  not,  on 
the  other  land,  been  adequately  investigated. 

Hie  hourglass  specimen  is  considered  to  be  a serious  obstacle  in  the  study  of  anisotropic  materials  owing 
to  the  difficulty  of  relating  transverse  and  longitudinal  strain,  and  it  is  thought  that  anisotropic  mate- 
rials generally  require  the  use  of  cylindrical  specimens  (1). 

For  nickel  base  alloys,  and  more  especially  for  materials  used  in  the  cast  condition,  it  lias  been  sug- 
gested, in  ordeT’  to  overcome  tlx?  effect  of  anisotropy  accompanying  diametral  strain,  tliat  two  diametral  ex 
tensometers  'be  positioned  at  right  angles  to  one  another  on  the  specimen  (2). 

The  degree  of  anisotropy  at  diametral  strain  seems  to  depend  on  the  size  and  orientation  of  tlx?  crystal 
grains.  Regarding  this,  it  is  undoubtedly  useful,  besides  being  appropriate,  before  making  a study  of  the 
Iffl/IF  behaviour  under  diametral  strain  controlled  conditions,  to  evaluate  effects  of  anisotropy  on  the  re- 
sults and  tliis  applies  not  only  to  materials  with  large  grain  size,  but  to  any  material. 

Tlx?  purpose  of  this  work  is  to  evaluate  the  degree  of  anisotropy  at  diametral  strain  for  a cast  nickel 
base  alloy  type  IN738LC  and  to  determine  the  experimental  conditions  which  can  be  repeated  at  will  to  per- 
mit comparison  of  diametral  strain  controlled  test  data  with  longitudinal  strain  controlled  test  data.  In 
order  to  provide  experimental  confirmation  of  the  validity  of  the  method  adopted,  HTLCF  tests  were  carried 
out  under'  diametral  strain  controlled  conditions  at  two  different  diametral  3train  rates. 

The  results  obtained  from  the  fatigue  tests  at  the  higher  diametral  strain  rates,  more  especially,  form 
the  starting  in  the  study  of  the  material  using  the  strain  range  partitioning  method  in  order  to  evaluate 
its  applicability  also  to  casting  nickel  alloys. 


2.  MATERIAL  AND  TK.7I'  PROCEDURE 

The  tests  were  carried  out  on  Nimocast  IN738LC  alloy  supplied  by  H.  Wiggiri  Co.  This  alloy  was  precision 
cast  into  specimen  blanks  by  Howmet  Co.  and  casting  was  to  specifications  so  as  to  obtain  porosity  levels 
lower  than  5-7  pores  per  ran''  with  max  imum  pore  size  of  0.1-0.12  nm.  Tlx?  grain  size  was  such  as  to  give 
about  2 grains/nm  when  measured  by  linear  intercept  on  a section  of  the  specimen.  This  firm  also  carried 
out  heat  treatments  in  order  to  impart  optimum  tensile  strength  properties  to  the  metal.  The  chemical  com- 
position of  the  alloy  is  as  follows  (wt.  X): 

A1  P B Si,  Mn  C S Co  Ta  Nb  Cr  W Zr  Cu  Fe  Mo  Al+Ti  Ti  Ni 


3.4  0.001  0.012  <0.10  0.12  0.002  8.3  1.72  O.96  15.9  2.5  0.07  <0.10  0.22  1.6  7.7  3.3  Balance 

The  heat  treatment  consisted  of  2 h at  1120°C  in  vacuum  or  hydrogen  followed  by  cooling  to  room  tempera- 
ture, then  24  h at  845°C  in  argon  or  vacuum  followed  by  cooling  to  room  temperature.  The  specimens  wliose 
geometry  is  given  in  Fig.  1 were  subsequently  ground  to  remove  casting  stock. 

The  tests  were  carried  out  by  means  of  a 25  ton  M.T.S.  closed  loop  electro-hydraulic  testing  system  equip- 
ped with  water  cooled  cast  metal  grips,  diametral  extensometer  and  module  for  converting  tlx?  diametral  aig 
rials  into  longitudinal  sig-ials  for  driving  actuator. 


The  specimen  was  induction  heated  through  a work  coil 
fed  by  a R.F.  generator.  Four  Clirumel-Alumel  thermo- 
couples were  spot  welded  on  the  specimen,  with  the 
two  outer  thermocouples  at  a distance  of  10  mn  and 
the  two  inner  thermocouples  at  a distance  of  5 mn  Com 
the  narrowest  section  of  the  specimen.  One  of  these 
thermocouples,  was  connected  to  a temperature  control 
ler,  serving  to  hold  the  temperature,  while  the  other 
ttiree  were  used  in  controlling  the  temperature  gradi- 
ent and  were  recorded  continuously.  Variations  in  tern 
perature  with  time  around  the  section  of  minirrum  diam 
eter  were  held  between  t 1°C.  Tests  were  strain  con- 
trolled with  a triangular  wave  form  (where  the  value 
of  mean  strain  is  zero) , and  at  two  different  strain 
rates:  e<j  = 1.82xlO-3  and  c(j  = 1.03xl0~5  S-1 . IXiring 
the  test,  variations  in  load  were  recorded  continuous 
ly  with  the  hysteresis  loop  being  recorded  at  inter- 
vals. The  number  of  cycles  to  fracture  was  defined  as 
tlie  value  at  which,  in  curve  Ao-ri  (number  of  cycles) 
a sudden  variation  in  slope  occurred  (indicated  by 
the  arrow  in  Fig.  5). 

'I lie  modulus  of  elasticity  at  a temperature  of  850°C  was  measured  on  an  8 nm  dia.  cylindrical  test  speci- 
men using  an  M.T.S.  longitudinal  extensometer  fitted  on  the  specimen  by  means  of  quartz  rods  (gauge 
length:  25  nm) . The  values  were  determined  dynamically  under  conditions  of  controlled  load  and  triangular 
cycling,  with  frequency  approx.  0.05  Hz.  The  values  of  Poisson's  ratio  in  relation  to  the  position  of  the 
diametral  extensometer  were  determined  on  an  hourglass  specimen  under  load  control,  with  variation  in  di- 
ameter being  read  on  a digital  voltmeter. 

The  cyclic  curves  were  obtained  on  the  single  test  specimens  by  two  methods:  multiple  step  and  incremen- 
tal step.  The  curves  represent  the  envelope  of  the  tips  of  the  stabilized  hysteresis  loops  anl  were  de- 
termined by  stressing  the  specimen  with  increasing  values  of  diametral  strain  (nultiple  step)  or  else 
with  several  blocks  of  increasing-decreasing  diametral  strain  values  (incremental  step). 


I 


Fig.  1 - Test  specimen. 


3.  TEST  RESULTS  AND  DISCUSSION 

Fig.  2 shows  the  results  obtained  from  the  tests  in  which  Poisson's  ratio  in  relation  to  extensometer  po- 
sition was  measured  on  two  hourglass  specimens  one  of  which  with  a grain  size  conforming  to  casting  speei_ 
fications,  arid  the  other  specimen  with  grain  size  considerably  higher . Each  point  plotted  on  the  curve 


diametral  orientation  [ deg  ] 


Fig.  2 - Value  of  Pois- 
son's ratio  vs. 
diametral  orien 
, tat ion. 


represents  the  mean  value  of  at  least  ten  measurements.  It  can  be  seen  that  there  is  a random  relation- 
ship between  v(.  against  diametral  orientation.  The  results  confirm  both  the  anisotropic  behaviour  at 
transverse  strain  for  alloy  IN7381C  and,  more  especially,  confirm  that  this  anisotropy  depends  on  crystal 
grain  size  seeing  that  the  effect  is  magjiified  for  the  material  with  the  larger  grain  size.  The  anisotrog 
ic  effects  are  so  marked,  that  they  cannot  be  neglected  when  carrying  out  diametral  strain  controlled 
tests.  The  mean  value  of  Poisson's  ratio  was  then  calculated  (ve  = 0.33)  arid,  by  positioning  the  diame- 
tral extensometer  at  a point  along  the  narrowest  section  of  the  specimen  where  Poisson's  ratio  assumed 
the  mean  value,  it  was  wished  to  show  that  the  test  results  were  reproducible. 

The  comparison  of  results  was  made  in  Fig.  3 by  plotting  the  cyclic  curves  obtained  from  a specimen  for 
each  experimental  condition,  and  the  values  of  rraximum  stress  determined  in  the  constant  amplitude  diame- 
tral strain  fatigue  tests.  From  the  figure  it  can  be  noticed  first  of  all,  that  there  is  a high  sensitivi 
ty  of  the-  alloy  under  test  to  the  strain  rate  at  850°C.  Furthermore,  the  cyclic  curves  obtained  with  the 
multiple  step  method  give  n values  greater  tlian  those  determined  with  Uie  incremental  step  method.  The 
difference  becomes  more  marked,  the  higher  is  the  more  especially  for  values  of  diametral  strain  am- 
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Pig.  3 - Comparison  of  cyclic  stress-strain  curves  and  constant  amplitude  tests 
results. 


plitude  up  to  t , = 0.3?.  Moreover,  the  figure  shows  that  the  o values  obtained  from  the  fatigue  tests  lie 
around  the  cyclic  curves  obtained  at  the  same  strain  rate,  correlation  being  especially  good  with  the 
curves  obtained  by  means  of  the  amplitude  step  method. 

This  result  confirms  that  the  experimental  method  adopted  can  give  reliable  results  when  the  tests  are 
carried  out  under  diametral  strain  controlled  conditions  on  a material  which  exhibits  a marked  degree  of 
anisotropy  at  transverse  strain. 

The  fatigue  test  results  expressed  as  values  of  total  longitudinal  strain  ranges  corresponding  to  the  v;tl 
ues  of  imposed  diametral  strain  ranges,  are  plotted  against  endurance  in  Pig.  *4.  It  can  be  seen  from  the 
relationship  given  in  Pig.  that  the  strain  rate  considerably  affects  the  fatigue  life  of  the  material 
under  test,  for  equal  amplitude  of  controlled  strain,  with  the  longer  endurances  occurring  at  the  higher 
strain  rate. 


Pig.  4 - Total  longitudinal  strain  ranges  vs.  endurances. 


Pig.  5 shows  the  relationship  between  stress  range  and  the  number  of  cycles;  the  values  were  determined 
in  two  tests  carried  out  with  equal  diametral  strain  range  and  at  two  different  strain  rates.  The  two 
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Pig.  5 - Stress  ranges  vs.  num 
ber  of  cycles. 


curves  represent  the  typical  behaviour  at  the  two  e<j's:  at  the  high  strain  rate,  there  is  a progressive 
drop  in  the  curve  with  growing  number  of  cycles,  while  at  the  lower  strain  rate,  after  an  initial  period 
of  stabilization,  there  is  a falling  off  of  the  curve  until  the  final  fracture.  The  arrows  show  tin;  num- 
ber of  cycles  we  assume  to  fracture,  wtiile  the  point  indicated  by  letter  R gives  the  number  of  cycles 
withstood  before  the  test  piece  broke  into  two  halves.  All  number  of  cycles  to  fracture  given  in  this  pa- 
per, refer  to  the  above  mentioned  method  of  determination  using  the  Ao-n  relationship  because  the  tests 
were  normally  interrupted  before  the  filial  fracture  in  order  not  to  damage  tlie  diametral  exterisometer. 

Katigue  test  results  obtained  at  the  higher  strain  rate  are  plotted  in  the  most  convenient  form  for  sub- 
sequent analysis  and  evaluation  by  tiie  strain  range  partitioning  method.  Pig.  (>  sliows  tlie  relationship  tie 
tween  the  inelastic  strain  range  values  and  endurance.  Tlie  experimental  points  plotted  lie  about  a 
straight  line  which  represents  the  conponent  obtained  by  tlie  plastic-plastic  tiysteresis  loops.  Other 
tests  will  be  performed  in  order  to  verify  the  applicability  of  tlie  3RP  method  also  to  alloy  IN738bC. 


Pig.  6 - Converted  longitudinal 
inelastic  strains  vs. 
endurances . 


U.  cxjNCWU'JNTj 

Tlie  tiigh  tenperature  low  cycle  fatigue  behaviour  of  a nickel  base  alloy  type  IN7381X  used  in  trie  oast  con 
ditiori  was  studied.  More  especially  the  study  slews  the  marked  anisotropy  accompanying  diametral  strain, 
effect  of  which  increases,  the  greater  is  tlie  crystal  grain  size  of  tlie  alloy. 

The  extent  of  the  variation  of  Poisson's  ratio  in  relation  to  the  position  of  the  extensometer  on  ttie 
leurglass  specimen  was  too  great  to  be  neglected  wiien  investigating  tlx?  tiigh  tenperature  low  cycle  fa- 
tigue behaviour  under’  conditions  of  controlled  diametral  strain. 

Hy  placing  the  extensometer  in  a position  wtiere  Poisson's  ratio  assumed  its  mean  value  as  determined  for 


the  material  under  test , it  was  possible  to  obtain  reproducible  results,  which  could  therefore  be  used  in 
a more  general  manner.  Hence  it  is  possible  to  determine  the  Irigh  temperature  low  cycle  fatigue  behaviour 
under  conditions  of  controlled  diametral  strain  also  of  higldy  anisotropic  materials  such  as  cast  nickel 
base  alloys  making  use  of  the  advantages  offered  by  the  above  mettxxl  of  approach. 

if  it  is  cons  idem- 1 that  most  materials,  and  not  only  tliose  used  in  the  cast  condition,  exhibit  a certain 
degree  of  anisotropy,  it  is  most  certainly  useful,  before  carrying  out  diametral  strain  controlled  tests, 
to  evaluate  whether  the  degree  of  anisotropy  at  diametral  strain  eari  be  neglected  or  not.  If  not,  then 
tin*  technique  of  placing  the  extensometer  at  tlx.*  point  when  Poisson's  ratio  assumes  its  mean  value  can  be 
adopted . 

Tlx-  results  obtained  at  tlx.-  higher  frequency,  when  evaluated  by  tlx;  strain  range  partitioning  method,  con 
firm  that  by  analysis  of  tlx;  plastic-plastic  curves,  tlx;  points  plotted  in  relationship  ht-.t-H  lie  arourxl 
a straight  line.  Other  tests  will  be  carried  out  to  verify  the  SRP  method. 
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SOMMAIRE 


Dans  une  premiere  phase,  il  a dtd  effect ud  une  etude  des  caractdrist iques  classiques  de  l'ailiage  : 

- Analyse  chimique 

- Ex amen s macrograph iques  et  micrographiques 

- Meaure  du  coefficient  de  dilatation  lindaire 

- Determination  des  caractdrist iques  mdcaniques  jusqu'A  900°  C 

- Etude  du  comportement  en  traction  cyclique 

L ' Atabl i ssement  des  quatre  courbes  de  base  de  la  rndthode  SRP  a ensuite  dtd  effectud  A la  seule  tempe- 
rature de  750°  C suivant  la  methodologie  choisie  par  le  CEAT  : 

- Meaure  des  deformations  diametrales  totales  et  de  1 'effort  sur  une  eprouvette  A section  evolutive, 

- Asservisaement  de  la  machine  d'essais  par  ies  deformations  diametrales  totales, 

- Chauffage  de  1 'eprouvette  par  effet  Joule. 

La  rndthode  de  decomposition  a ensuite  ete  appliquee  A un  cycle  complexe  et  pour  deux  niveaux  de  defor- 
mations diametrales  totales  correspondent  A des  durdes  de  vie  faibles,  quelques  centaines  de  cycles. 

Dans  ce  domaine.la  validite  de  la  rndthode  SRP  est  apparue  comme  excellente,  l'dcart  moyen  entre  lea 
durdes  de  vie  thdoriques  et  expdr imentales  se  situant  aux  environs  de  12,5 

SUMMARY 


Firstable,  a Waspaloy's  usual  basic  properties  study  has  been  completed  : 

- Chemical  analysis 

- Macrographic  and  micrographic  investigations 

- Linear  thermal  expansion  coefficient  measurement 

- Monotonic  tensile  properties  determination  at  room  and  elevated  temperature  (up  to  900°  C) 

- Cyclic  stress-strain  properties  evaluation 

Then,  establishment  of  the  four  basic  life  relationships  of  SRP  has  been  completed  at  the  only  tempe- 
rature of  750°  C,  and  under  experimental  procedures  chosen  by  CEAT  : 

- Load  and  total  diametral  strain  measurement  on  an  hourglass  specimen 

- Electrohydraulic  servocontrol led  testing  machine  coranand  with  a demand  signal  reprentative  of  total 
diametral  strain 

- Specimen  heating  by  direct  resistance  (Joule  effect) 

Then,  SRP  Method  has  been  applied  to  a complex  strain  cycle  for  two  values  of  total  diametral  strain 
corresponding  to  very  low  cycle  fatigue  lives  (a  few  hundreds  of  cycles).  In  this  field,  SRP  Method  validity 
has  appeared  as  excellent,  since  average  difference  between  predicted  and  tested  values  of  fatigue  life  is 

about  12,5  percent 

1.  INTRODUCTION 

Les  travaux  ini t ialement  engages  portaient  sur  1 'applicat ion  de  la  mithode  Strainrange  Partitioning  A 
l'ailiage  could  base  nickel  INCO  713  C (appellation  franfaise  NC13AD).  Des  difflcultds  de  mise  en  oeuvre  de 
la  technique  d'essais,  lides  A une  forte  hdtdrogdndite  structurale  du  matdriau,  ont  conduit  A interrompre 
ce  programme  et  A reprendre  entiArement  1 'etude  sur  un  matdriau  devant  offrir  A priori  une  structure  beau- 
coup  plus  homogAne. 

L'ailiage  retenu  est  l'ailiage  base  Nickel  Waspaloy  (appellation  franfalse  NC20K14)  sous  forme  de  barres 
$ 1 ami  rides  de  fsible  diamAtre.  Sous  cette  forme,  il  est  utilisd  par  certains  motoristes  pour  de  petltes  plAces 

mAc an iques  trAs  chaudes  et  trAs  sollicitdes.  11  prdsente  en  effet  des  caractdrist iques  mdcaniques  encore  lar- 
gement  accept  shies  (R  -1091  MPa)  A sa  temperature  maximale  admissible  en  utilisation  prolongde  (750°  C).  En 
courts  durde,  la  tempdrature  maxi  male  d'utllisation  peut  fetre  portde  A 850°  C. 

La  rdduction  importante  du  temps  disponible  pour  la  rdaliaation  de  l'dtude,  lide  A 1 'abandon  tardlf  du 
programme  initial,  a conduit  A n 'ent reprendre  que  les  deux  thAmes  princlpaux  proposds  dans  le  programme  coopd- 
ratif  : 

* Determination  des  quatre  relations  fondamentales  d 'endurance 

k * Application  de  la  rndthode  SRP  A des  easais  effectuds  sous  cycle  complexe,  avec  comparaiaon  des  durdes 

de  vie  calculdes  A celles  relevdes  en  essais- 

Deux  autres  aspects  de  l'dvaluation  de  la  rndthode  SRP  ont  dQ  At  re  dcartds  : 

- Demonstration  de  la  variation  de  la  durde  de  vie  entre  les  deux  courbes  limites  lorsqu'on  modi  fie  sys- 
tdmat lquement  un  des  paramAtres  d'essais  (vitesse  de  dd format  ion , par  exetnple) 

- Determination  de  1 'effet  de  la  tempdrature  sur  les  relations  fondamentales  d'endurance. 


[ 
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2.  LA  METHODE  STRA1 NRANCE  PARTITIONING 


La  methode  Strainrange  Partitioning  (Decomposition  du  domaine  de  variation  des  deformations)  est  une 
demarche  particuli&re,  tenant  compte  des  interactions  fatigue~f luage , pour  la  prevision  des  durdes  de  vie 
en  fatigue  oligocyclique  k haute  temperature  (Rdf.  1).  L'hypothdse  de  base  de  cette  methode  est  que,  dans 
tout  cycle  d'hysterdsis  cont raintes -deformat ions , il  n'y  a comblnaison  que  de  deux  directions  de  deforma- 
tion (traction  et  compression)  et  de  deux  types  de  deformations  ineiastiques  (dependant  du  temps  : fluage, 
note  C,  ou  n'en  dependant  pas  : plasticity,  note  P) . 

La  comblnaison  des  deux  directions  et  des  deux  types  de  deformations  conduit  k quatre  cas  possibles 
qui  constituent  les  quatre  composantes  fondamentales  de  tous  les  cycles  d ' hystere'si s concevables.  Chacun 
de  ces  cas  est  defini  par  la  fagon  dont,  au  cours  d'un  cycle,  une  composante  de  traction  (P  ou  C)  est 
compensde  par  une  composante  de  compression  (P  ou  C).  On  obtient  ainsi  les  quatre  cycles  de  base  : PP,  PC, 

CP  et  CC. 

Ainsi,  la  proposition  du  NASA  Lewis  Research  Center  (Rdf.  2)  est  d'dtendre  la  relation  de  Manson-Cof f in, 
qui  represente  1 'endurance  en  fonction  du  domaine  de  variation  des  deformations  indlastiques  de  matdriaux 
travai 1 lant  au  dessous  de  la  limite  de  fluage  en  lui  substituant  quatre  relations  sdpardes  s'appliquant  k 

des  mat4riaux  travaillant  au  dessus  de  la  limite  de  fluage. 

L ' appl icat ion  de  ces  relations  de  base  k un  cycle  complexe  pour  la  provision  d'une  durde  de  vie  doit 

se  faire  en  deux  dtapes  : 

- Connaissance  du  cycle  d'hysterdsis  correspondant  au  cycle  de  fonct ionnement  A analyser  et  possibi- 
lity de  ddcompos i t ion  de  la  deformation  ineiastique  totale  suivant  trois  au  plus  des  quatre  compo- 
santes fondamentales  : 

A£in  = A£PP  * A£PC  <0U  A£CP  » 4 A£CC 

- Application  d'une  r£gle  de  doomage  pour  prdvoir  la  durde  de  vie  correspondant  k la  combinaison  des 
composantes  fondamentales  : la  part  active  de  chacune  de  ces  composantes  dans  la  deformation  ine- 
iastiques totale,  Fj . r AC.  ■ / AC  in  , entraine  un  dommage  par  cycle  / N{  - , Nj.  etant  la  durde 
de  vie  que  l'on  ob£iendrait  si  toute  la  deformation  ineiastique  etait  de  type  ij  , soit  AC^rAC^. 

Le  dommage  par  cycle  pour  la  deformation  ineiastique  totale  est  obtenu  par  sommation  des  dommages 
eiementaires  : l/Npr  z KFjj/Nj-  ) d'ou  la  prevision  de  duree  de  vie  Npr  pour  le  cycle  de  fonc- 

t ionnement  consider. 

3 PRESENTATION  DE  L 'ALL I AGE  ETUDIE 


II  s'agit  de  l'alliage  base  Nickel  Waspaloy  (appellation  frangaise  NC20K14)  sous  forme  de  barres  de 
laible  diametre  (25  mm)  et  dans  une  nuance  particulidre  se  distinguant  des  autres  nuances  du  mdme  alliage 
par  un  ecrouissage  contrOld  en  cours  de  laminage  k froid.  Cette  operation  doit  permettre  d'obtenir  un 
grain  plus  homog^ne  sur  pieces  finies. 

La  matidre  d'origine  a ete  eiaboree  par  la  Society  Aubert  et  Duval  (coulee  HV  9454).  Les  barres  ont 
ete  livrees  k l'etat  hypertrempe. 

3.1.  Compos  it  ion  chlmique 

L'analyse  chimique  effectuee  par  le  CEAT  a donne  les  resultats  suivants  (valeurs  moyennes  obtenues  pour 
les  deux  barres  dans  lesquelles  ont  ete  preievees  les  eprouvettes)  * (voir  apostille  cn  P.9-5): 


Elements 

Teneur  (7.) 

Elements 

mi 

A1 

1,320 

1,2  A 1,6 

Cr 

20,485 

18  a 21 

0,012 

0,015  max 

Zr 

0,082 

0,02  a 0,08 

0,060 

0,15  max 

Cu 

0,006 

0, 10  max 

0,009 

0,003  & 0,010 

Fe 

0,165 

2 max 

S 

0,003 

0,008  max 

Mo 

3,940 

3,5  a 5 

c 

0,037 

o,03  a o,io 

Mn 

0,003 

0,10  max 

Co 

13,000 

12  a 15 

Pb 

0,005 

0,005  max 

Ti 

2,935 

2,75  a 3,25 

Ni 

base 

base 

A rioter  que  les  resultats  obtenus  sont  en  accord  avec  la  specification  courante  k 1 'exception  de  celui 
concernant  le  Zirconium  qui  reste  cependant  voisin  du  maximum  fixe. 


3.2.  Traitement  thermlque 

Le  traitement  de  livraison  correspond  au  traitement  AMS  5704  mais  avec  trempe  k l'eau  au  lieu  de  re- 
froidi ssement  k l'air,  soit  : 

- Mise  en  solution  1030°  C.  4 H.  trempe  k l'eau 

Le  traitement  effectud  sur  ebauches  d 'eprouvettes  avant  usinage  finition  correspond  au  traitement  AMS 
5707,  soit  : 

- Stabilisation  : 850°  C.  4 H.  Ref roidi ssement  A l'air 

- Precipitation  : 760°  C.16  H.  Ref roi di ssement  k l'air 


L 


3.3.  Sir uct urea  irf tal lographi 
3.3.1  Macrographie 


Cet  ex  amen  a 6 1 £ effeclul  sur  chacune  des 
deux  barres  h l'dtat  de  livraison  et  suivant  lea 
deux  sene  longitudinal  et  tranaveraal. 

II  a per  mis  de  inettre  en  Evidence  (Fig.  1) 
un  fibrage  peu  marqu£  avec , entre  les  deux  barres, 
une  llgdre  difference  de  granu long  trie . Une  dea 
deux  barrea  prdsente  en  outre,  tout  au  mo  ins  au 
niveau  de  1 'dchanl  i 1 Ion  mac rographi que  , une  li£t£- 
rogendlte  de  structure  .1  proximity  de  s a surface. 
Aucun  examen  plus  approfondi  n'a  £t£  effectul,  ce 
defaut  n'aflectant  pas  la  partie  utile  des  Iprou- 
vettes  qui  correspond  au  coeur  de  la  barre. 

3.3.2.  Micrographie 

Ces  examens  out  £t£  effectu£s  sur  chacune 
des  deux  barres,  suivant  leur  sens  longitudinal 
et  en  deux  zones  diff£rentes. 

A l'eiat  de  1 ivrai son , hyper t remp£ , la 
structure  eat  compos£e  d'une  matrice  de  solution 
solide  y avec  des  composes  intermit al 1 iques  ali~ 
gods  par  le  laminage.  La  granuloin£t r ie  varie  d'une 
barre  A 1 'autre  et  m£me  suivant  les  diifdrentes 
zones  d'une  m£me  barre. 

Dans  un  cas  (Barre  Bl,  Fig.  2 et  3)  on 
observe  des  grains  de  grosseur  1C  - A. 5 ASTM  avec 
des  composes  intertu&talliqoes  assez  nombreux  aux 
cAt£s  de  grains  de  grosseur  IG  * 2-3  ASTM  avec  des 
composes  intermAtal 1 iques  plus  clairsem£s. 


Fig.  1.  Structures  macrographiques 


Fig.  2 Barr®  Bl.  IC  - A. 5.  ASTM 


Fig.  3 Barre  Bl.  IG  - 2.3.  ASTM 


Dans  l'autre  cas  (Barre  B2 . Fig.  6)  on  observe  deB  grains  de  grosseur  uniforms  1C  * 7.B  ASTM. 
Les  composes  intern^talliques  rencontres  sont  vraisemblablement  des  carbures  du  type  M23  Cfc 

ou  MC . 


Fig.  6.  Barre  B2  . IC  - 7.8  ASTM  Fig.  5.  Barre  B1  . XC  - 6.7  ASTM 


A l'etat  entiAreraent  traitd,  les  differences  observdes  enlre  les  deux  barres  sont  considdrable- 
roent  attenudes.  La  matrice  de  solution  solide  y prAsente  une  granulometric  quasi  uniforme  1C  « 6.8.  ASTM 
(Fig.  5 et  6).  Elle  est,  de  plus,  le  siAge  d'une  precipitation  fine,  abondante  et  r6guliAre  de  phase  y' 

Ml  (Ti,  Al).  Les  Joints  de  grains  sont  marques  par  un  liserA  quasi  continu  de  carbures  M forirfs 

lore  du  traitement  de  stabilisation  A 850°  C.  La  inatrice  de  solution  solide  y contlent  Agaleraent  quelques 
partlcules  dispersees  de  carbures  de  type  MC  (Fig.  7 et  8). 


Fig  6 Barre  B2.  IC  - 7.8.  ASTM  Fig.  7 Barre  B1 
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Fig . 8 harre  B2 


3 4.  Ddt  erminat  ion  du  coefficient  d<-  dilatation  lindaire 

La  mdthode  d'essais  util  i «<•••  par  le  CEAT  (Cl  . paragraphe  4)  impose  la  connaissance  du  diametre  initial 
dfa  dprouvet tes  pour  le  calcul  deb  dd iorraat ions  di arod traits  totales,  - Log(D/D0).  Or  pendant  la  phase 

de  chauliage  jusqu'a  la  temperature  d'essais  (750°  C),  la  dilatation  de  ce  diametre  par  rapport  au  diamdtre 
initial  a temperature  a mb i ante  correspond  k des  deformations  diamdtrales  totales  de  l'ordre  de  1 X,  done  su- 
perieures  a 1 a quasi  totalite  des  ddiormations  diametrales  totales  recherchees  en  essais.  II  a done  ete  juge 

necessaire  de  proedder  a la  determina- 
tion du  coefficient  de  dilatation  lind- 
aire  de  maniere  a disposer  d'une  valeur 
precise  du  diametre  initial  des  dprou- 
vettes  k la  temperature  d'essais. 

Cette  determination  a ete  effectuee 
sur  des  echantillons  di latometr iques  prd- 
leves  dans  les  sens  long  et  travers  des 
barres.  Pour  chacun  des  sens  de  prdld- 
veroent,  aucune  difference  significative 
entre  les  deux  barres  n'a  ete  mise  en 
evidence.  Par  contre  une  ldgfcre  diffe- 
rence a ete  observde  entre  les  sens  lon- 
gitudinal et  diametral,  comae  le  montre 
le  tableau  ci -contre  donnant , pour  chaque 
sens,  les  resultats  mo yen a obtenus  pour  les  deux  barres.  La  valeur  retenue  pour  le  depoui llement  des  easais  de 
latigue  effectuea  k 750°  C eat  cejUe  correspondent  k la  direction  de  dilatation  du  diamdtre  des  dprouvettes, 
done  le  aena  travers,  soit  15.10 


3.5.  Caractdriat iquea  mdcanlquea 
3.5.1.  Traction  monotone 

Lee  caractdriat iques  md  can iques  claaaiquea  du  materlau  ont  dtd  determinees  entre  la  temperature  am- 
biante  et  900°  C en  effectuant  s i mu  1 tenement  une  mesure  dea  ddformations  longitudinalea  et  une  meaure  des 
dd format  ions  di amdtrales  en  tenant  compte  dea  variationa  initialea  dea  grandeura  de  rdfdrence  avec  la  tem- 
pdrature.  Cette  mdthode  a permia  de  ddterminer  d'une  part  le  coefficient  de  POISSON  et  d'autre  part  lea 
valeura  vraiea  de  la  limite  dlaatique  convent ionnel le  (GO, 2)  & 0,2  X et  de  la  contrainte  k rupture  (G) . 

Cea  rdaultata,  regroupda  dans  le  tableau  cl-deaaoua,  aont  reprdaentda  par  lea  figurea  9 et  10. 

Lea  valeura  retenuea  pour  le  ddpoui 1 lement  dea  eaaaia  de  fatigue  effectuda  k 750°  C aont  lea  sui- 
vantea  : 

- Module  d'dlaaticltd  : E - 156100  MPa 

- Coefficient  de  POISSON  : V - 0,315 

Compte  tenu  de  la  diaperaion  import  ante  obaervde  entre  700  et  800°  C,  la  valeur  retenue  pour  le 
coefficient  de  POISSON  mat  la  moyenne  dea  valeura  obtenuea  k 700,  750  et  800°  C. 


Coefficient  de  dilatation 
moyen  entre  20°  C et 

Sens  long 

Sens  travers 

300  • C 

12,6. 10'6 

-6 

13,9.10 

600  * C 

13,6. lo"6 

16,6. 10"6 

700  ” C 

16,2. 10'6 

16,8. 10'6 

7 50  ° C 

16,5. 10 

15,0. lo'6 

800  0 c 

16,8. 10"6 

15,6. lo"6 

900  * C 

15,6. 10'6 

16,2. 10'6 

I a composition  chirnique,  les  proedddsde  fabrication,  les  traitements  thermiques  et  les  propridtds  meeaniques  de  chaque  alliage 
sou  mis  a essai,  amsi  que  les  donndes  obtenues  au  cours  du  programme,  figurent  4 I'Appendicc  A I 


Rep 
Epr . 

Temp, 
d ' esbai 
(°C) 

Limites  e 
Convention 
RO, 2 (MPa) 

LaBt iques 
vraie 
00,2  (MPa) 

Contraintec 
Convent  ion 
R (MPa) 

A rupture 
vraie 
O(MPa) 

Allongement 

A rupture 

( 7.  ) 

Strict  ion 

( 7.  ) 

Module 
d ' Young 
(MPa) 

Coef. 

de 

Poisson 

Bl-4 

20 

1 095 

- 

i 

306 

- 

29,3 

43,4 

204 

400 

0,309 

Bl-9 

" 

955 

959 

i 

321 

- 

27,3 

44,5 

197 

000 

0,261 

B2-11 

" 

993 

996 

i 

369 

1 646 

- 

- 

216 

800 

0,318 

Bl-2 

300 

841 

843 

i 

184 

- 

- 

- 

192 

000 

0,242 

Bl-8 

it 

880 

883 

i 

211 

1 446 

27,3 

41,8 

189 

200 

0,267 

B2-2 

M 

905 

910 

i 

255 

1 462 

26,3 

41,8 

200 

600 

0,334 

Bl-3 

600 

871 

875 

i 

136 

1 329 

23,3 

40,5 

174 

600 

0,314 

B2-8 

n 

893 

897 

i 

199 

1 364 

20,3 

38,9 

174 

500 

0,294 

Bl-6 

7CX) 

844 

848 

i 

169 

1 354 

24,3 

36,3 

159 

700 

0,306 

B 1 - 1 1 

ii 

858 

862 

i 

198 

1 386 

24,3 

36,4 

165 

600 

0,301 

B2-4 

ii 

862 

866 

i 

218 

1 398 

21,3 

40,4 

161 

400 

0,292 

Bl-5 

7 50 

797 

801 

i 

075 

l 271 

20 

36,3 

157 

300 

0,316 

B2-3 

II 

844 

849 

i 

112 

1 296 

23,3 

36,3 

156 

500 

0,342 

B2-9 

• I 

844 

848 

i 

085 

1 245 

22,3 

40,5 

154 

500 

0,342 

B2-1 

8(X) 

796 

801 

976 

1 129 

25 

44,5 

149 

700 

0,319 

B2-10 

•i 

804 

807 

948 

990 

15 

54,6 

148 

700 

0,291 

Bl-10 

900 

525 

528 

645 

714 

30,6 

65,7 

116 

600 

0,297 

B2-6 

460 

463 

571 

629 

36,6 

71,7 

114 

200 



0,302 

Fig.  9 Caractdr i st iques  mPc an iques  Fig.  10 

3.5.2.  Traction  cyclique 

Pour  pouvoir  comparer  le  comportement  du  matdriau  en  traction  cyclique  A 750°  C avec  celui  en 
traction  monotone,  il  a d'abord  did  realise  un  essai  de  traction  monotone  dans  lea  roPmes  conditions 
que  les  essais  de  fatigue  (cf.  paragraphe  4)  A savoir  : mPme  Pprouvette,  mPme  capteur  de  deformations 
di amPt rales , mPme  machine  d'essais.  Les  rPsuitats  obtenus  : R0,2  ■ 816  MPa  et  R * 1142  MPa  sont  trPs 
voisins  de  ceux  obtenus  sur  Pprouvettes  de  traction  classique  (R0,2  * 828  MPa  et  R ■ 1091  MPa). 

L'essai  de  traction  cyclique  a PtP  effectuP  par  la  mPthode  de  la  variation  incrPmentale  des 
niveaux  de  deformations.  Une  illustration  de  la  conanandc  en  deformations  et  de  la  rPponse  du  matPriau 
en  contraintes  est  donnPe  par  la  figure  11. 
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Fig.  II.  Traction  cyclique.  Methode  A niveau  incremental 

» 

Au  cours  du  premier  bloc  decroiasant  (Fig.  12),  on  observe  un  dure  i ssement  du  inaldriau,  puis  un 
adouc i ssement  au  coura  dea  blocs  suivanta,  pour  atteindre  la  atabilitd  au  cours  du  dixi^me  bloc  (Fig. 13). 


Fig.  12  Fig.  13 

La  courbe  de  traction  cyclique  a ensuite  £t£  obtenue  en  eliectuant  une  traction  monotone  aur  la 
m£me  e prouvet  te . 

L' adouc i ssement  du  matlriau  eat  tr£a  net  (Fig.  14)  taut  aur  1 'evolution  dea  caractdr i at iquea  de 
traction  (R0,2  ■ 589  MPa,  R ■ 995  MPa)  que  aur  celle  de  1 'expoaant  de  consol idat ion  n de  la  loi 

Os  K(tp)n  . En  effet,  de  la  valeur  n * 0,061  correapondant  A la  traction  monotone,  cet  expoaant 

paaae  A la  valeur  n ■ 0,147  pour  la  traction  cyclique  (Fig.  15). 


Fig.  15 


4.  MO YENS  D'ESSAIS 

4.1.  Eprouvet te 

L'4prouvette  utilis£e  eat  raontr^e  aur  la  figure  16.  Notre  cholx  a'eat  portl  aur  ce  type  d 'Eprouvet tea 
f section  Evolutive)  pour  dea  raisons  identiquea  k cellea  expos£es  par  Slot,  Stents  et  Her  ling  (R£i.  3),  k 
aavoir  qu*il  pr4sente  aur  l'4prouvette  cylindrlque  cinq  avantagea  prlnclpaux  : 

1 line  concentration  g£om£trique  de  contralnte  ou  de  d^iormatlon  re  lat  i vement  faible  (<>*  * 1,035)  per  met 
de  localiaer  la  aection  de  rupture.  La  deformation  peut  ainal  6tre  inesur£e  et  contrOlle  dana  la  aection 
mPme  oil  ee  produit  la  rupture,  ce  qui  per  met  £ vent  ue  1 lenient  de  contrOler  la  atriction. 

2.  Une  deformation  en  compression  re  1 at i vement  importante  peut  Gtre  appliqule  au  matlrlau  sana  risque  de 
f 1 atnbage . 

3.  Lea  d4iauta  internes  ou  de  surface  aont  inoina  de  nature  k aflecter  le  r£aultat  «ie  1 'easai  puiuque  seule 
une  petite  parti  de  1 '£prouvette  eat  aoumise  k la  deformation  maximale. 


4.  La  deformation  dtant  mesurde  diawd- 
tr element  dans  la  section  minimal*-  de 
l'eprouvette,  il  est  possible  de  deter- 
miner directeraent  la  contraiute  vraie 
uppliquee  au  cours  de  chaque  cycle  de 
sol 1 ic i tat  ion  par  determination  de  la 
section  instantanee. 

5.  Le  chauffage  local  de  l'eprouvette 
peut  Ctre  realise  aisement  puisque  le 
gradient  de  temperature  ne  doit  dtre  nul 
que  sur  une  longueur  re  1 at i vemeu t falble 
de  part  et  d' autre  de  la  section  minima. 
Le  choix  de  ce  type  d 'eprouvettes  pre- 
sente cependant  quatre  i nconven i ent s . 

1 Les  diamftres  a mesurer  ainsi  que 
leurs  variations  sont  netLement  plus 
faibles  que  les  longueurs  de  reference 
des  eprouvettes  cylindriques  La  sensi- 
bilite  des  capteurs  doit  done  £tre  d'au- 
tant  plus  grande. 

2.  Les  deformat  ions  longitudinales  ne 
sont  accessibles  qu ' indirectement  par 
calcul  a partir  des  mesures  de  la  charge 
et  de  la  deformation  diametrale  totale. 
Un  asserv i ssement  de  la  machine  d'essai s 
directement  en  deformations  longitudina- 
les est  done  plus  difficile  A mettre  en 
oeuvre  car  necessitant  un  intermedi ai re 
de  calcul  (analogique  ou  numer ique) . 

3.  II  est  possible  que  le  comportement 
d'une  m£me  materiau  diffAre  selon  qu'il 
est  sollicite  en  deformations  imposees 
suivant  le  mode  diametral  ou  longitudi- 
nal. Certaines  etudes  (Ref.  4)  semblent 
mettre  en  evidence  de  meilleurs  rdsul- 
tats  avec  le  mode  diametral,  lies  au 

fait  que  la  contrainte  moyenne  de  cisaillement  sur  une  eprouvette  torique  est  inferieure  h la  contrainte 
constante  de  cisaillement  sur  une  eprouvette  cylindrique. 

4.  Toute  anisotropie  dventuelle  du  materiau  pertubera  d'autant  plus  l'essai  que  le  volume  de  matiAre 
concern^  par  la  deformation  maxima  est  falble. 

4.2.  Capteur  de  deformations 

L 'extensomA tre  utilise  est  schematise  sur  la  figure  17.  II  s'agit  d'un  extensomAtre  h capteur  induc- 
tif  dont  l'gtendue  de  mesure  est  de  + 0,5  ran  par  rapport  A la  position  zero.  La  frequence  de  travail  de  ce 
type  de  capteur  est  determinee  par  le  constructeur  pour  obtenir  d'une  part  une  linearite  optima  et  d'autre 
part  une  derive  et  une  variation  de  sensibilite  minima  avec  les  variations  de  temperature.  La  caractAris- 
tlque  annonede  pour  la  derive  maxima  de  la  position  xdro  avec  la  temperature  (0,00168  mm/ 100°  C)  peut  ce- 
pendant entrafner  une  derive  lmportante  lore  d'essais  realises  A haute  temperature  si  des  precautions  par- 
ticuliAres  ne  sont  pas  prises  pour  eiiminer  les  Achanges  thermiques  entre  l'eprouvette  et  le  capteur.  Dans 
ce  but,  les  tiges  des  palpeurs  et  leurs  supports  sont  constrults  en  alliage  INVAR,  & trAs  faible  coeffi- 
cient de  dilatation,  les  palpeurs  eux-mdmes  etant  en  silice.  On  limite  ainsi  les  Achanges  thermiques  par 

conduction.  Les  echanges  thermiques  par 
rayonnement  sont  limites  par  l'interposi 
tion  d'un  ecran  thermique  ou  d'un  calori 
fugeage  de  l'eprouvette  par  un  feutre 
refractaire  ou  de  la  laine  de  silice. 

Les  variations  de  diamAtre  a mesurer 
dtant  tree  faibles,  tout  frotteraent  n»A- 
canique,  m£me  minime,  peut  nuire  A la 
precision  des  mesures.  Un  montage  par- 
ticular, visible  sur  la  figure  17,  a 
done  ete  realise  pour  eiiminer  ces  frot- 
tements.  II  consiste  en  deux  ressorts 
bilame  dont  chacune  des  lames  est  soli- 
daire  d'une  des  tiges  de  palpeurs,  Avi- 
tant  ainsi  tout  contact  entre  celles-ci. 
Avec  ce  montage  et  compte  tenu  des  carac 
tdristiques  du  capteur  d'une  part  et  des 
etalonnages  effectuAs  d'autre  part,  la 
resolution  des  mesures  est  de  1 'ordre  de 
0,5  micron.  La  partie  support  de  1 'en- 
semble de  1 'extensomAtre  a ete  concue 
pour  Atre  la  plus  lAgAre  possible  de 
manlAre  A pouvoir  fitre  montAe  sur  une 
lame  flexible  Ce  montage  permet  aux 
palpeurs  de  suivre  la  section  minima  de 
l'eprouvette  dans  sea  deplacements  au 
cours  du  cycle  de  sollicitatlon. 


EPROUVETTE  D'ESSAIS 
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Fig.  16  Eprouvette  d'essais 


Fig.  17  Capteur  de  deformations 
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4.3.  Machine  d'essais  el  asaerv i ssement 


La  machine  d'essai  utilia£e  eat  une  machine  aervo-hydraulique  de  capacity  100  kN  con^ue  el  r^alia^e 
par  le  CEAT.  Un  schema  de  principe  en  eat  donne  par  la  figure  18.  La  aollici tat  ion  eat  g^n^r^e  par  un 

verin  hydraulique  et  tranamiae  k 
1 'eprouvette , tix^e  par  l 'une  de  eea 
extr£mit£a  k la  traverse  du  bfiti  de  la 
machine  et  par  1 'autre  extr6mil£  a la 
tige  du  piaton  du  verin. 

Cette  aol 1 ici tation  peut  fitre  pi lot^e 
auivant  une  loi  quelconque  appliqu^e 
aui  t : 

- aur  1 'effort  meaure  au  niveau  de 
1 'e prouvet te 

- aur  la  deformation  d ' une  baae  de  re- 
ference conatituee  ici  par  le  diamPlre 
de  la  aection  minima  de  1 'eprouvette 

- aur  le  deplacement  de  la  tige  du  pia- 
ton du  verin. 

Le  mouvement  du  piaton  eat  tommande  par 
le  tiroir  d'une  servovalve  qui  determine 
la  aection  de  paaaage  offerte  k l'huile 
et  done  le  debit  admia  dana  la  chambre 
du  verin  . Ce  debit  eat  directement  condi- 
tionne  par  la  courae,  la  viteaae  et  la 
frequence  du  mouvement  du  piaton  C'eal 
done  1'ouverture  du  tiroir  de  la  aervo- 
valve  qui  doit  etre  aaaervie  pour  contro- 
ler  le  param^tre  de  pilotage  choiai 
(ici  la  deformation  diametrale  de  l'e- 
prouvette) . 

Cet  aaaervi aaement  eat  effectue  par  un 
Servo  ampli f icateur  qui  compare  k chaque 
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MACHINE  D'ESSAIS  SCHEMA  DE  PRINCIPE 

18  Schema  de  principe  d'une  machine  de  fatigue 
aervo-hydraulique  aaaervie 


inatant  l'ordre  fourni  par  le  generateur  de  aignal  k la  grandeur  effective  meauree  par  le  capteui  de  de- 
format ion  4quipe  de  ao n condi t ionneur . 

Le  aervo  auipl i f i cateur , lui-m£me  aurveilie  par  dea  modulea  de  securite,  emet  alora  un  aignal  d'erreur 
qui  eat  enauite  amplifie  avant  d'etre  envoye  aur  le  moteur  d 'entraf nement  du  tiroir  de  la  servovalve. 

Lea  grandeura  effectives  rneaureea  (variation  de  diam^tre  de  la  aection  minima  de  1 'eprouvette  et 
effort  upplique  k cette  eprouvette)  sont  egalement  pr4leveea  pour  Ctre  enr  egi  at_r  £ea  et  eventuel iement 
traitdea  par  un  calculateur. 


44,  Meaure  de  temperaturea 


La  ineaure  directe  de  temperatures  de  surface  eieveea  (jusqu'd  1000°  C)  eat  difficile  k mettre  en 
oeuvre  Lea  deux  procedes  lea  mieux  adaptea  sont  la  pyrometrie  optique  k radiations  et  le  thermocouple. 

lla  neceaaitent  cependant  un  etalonnage 
prealable  realise  dana  dea  conditions 
identique8  k cellea  dea  meaurea  ulte- 
rieurea,  ce  qui  impose  le  choix  d'une 
reference  se  rapprochant  le  plus  possible 
de  la  realite.  Cette  reference  eat  cona- 
tituee ici  par  un  thermocouple  Chrome 1- 
Alurnel  en  fils  Ires  fins  aoude  aur  la 
surface  de  1 'eprouvette 
Lea  etalonnages  effectuea  aur  pyromf- tj/e 
optique  k radiations  ont  montre  que, 
compte  tenu  de  la  grande  aensibilite  du 
procede  au  pouvolr  emiaaif  essentielle- 
ment  variable  dea  eprouvettea,  ce  iroyen 
n'offrait  pas  une  fideiite  aufliaante 
pour  etre  utilise  en  coura  d'esaaia. 

En  easala  reels,  le  risque  d'amorce  de 
rupture  en  fatigue  interdit  de  souder 
un  thermocouple  directement  aur  1 'eprou- 
vette, et  lea  meaurea  ne  peuvenL  done 
£tre  real i sees  que  par  contact.  Lea  meil- 
leurs  reaultats  ont  ete  obtenus  avec  dee 
thermocouples  plats  off rant  une  grande 
surface  de  contact  avec  1 'eprouvette 
(Fig.  19)  Cette  solution  eat  identique 
A celle  utilisee  par  Carden  (Ref  5).  La 
preasion  de  contact,  obtenue  par  l'in- 
terinediaire  de  resaorts,  eat  faci  Iement 
reproductible  et  la  fideiite  de  ce  type 
de  capteur  eat  acceptable. 

Far  rapport  k un  thermocouple  de  referen- 
ce aoude,  lea  ecarts  enregistrea  avec  un 
thermocouple  tendu  sont  inferieura  k 1 °L 
pour  dea  temperatures  allant  de  400  a 

1000°  c. 
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4.5.  Chau 1 fag e 

Trots  moyens  de  chauffage  peuvent  ©tre  utilises  pour  r^aliser  des  easais  de  fatigue  k haute 
temperature  : tour,  induction  et  effet  Joule.  Compte  tenu  de  la  dispersion  couranment  obaerv^e,  aucun 
de  cea  troia  moyena  n'entrafne  de  difference  significative  sur  lea  rlsultats  d'eaaaia  de  fatigue 
(Kef  6). 

Le  choix  de  l'eprouvette  d'eaaaia  (Cf  paragraphe  4.1),  et  notamment  la  poasibilite  de  realiaer 
lea  esaaia  avec  une  temperature  homogene  aeulement  sur  une  Longueur  faible  de  part  et  d' autre  de  la 
section  minima,  a conduit  k eiiminer  deux  dea  troia  moyena  de  chauffage  : 

- le  chauffage  par  four,  car  bien  que  l'exiatence  courante  de  pluaieura  zones  de  chauffe  indlp endan- 
tes  permette  d'obtenir  une  temperature  homog£ne  aur  une  longueur  iinportante,  l'accea  4 la  partie  utile 
de  l'eprouvette  est  deiicat  pour  la  meaure  de  deformations  diametrales. 

- le  chauffage  par  induction  car,  bien  que  le  gradient  de  temperature,  trka  sensible  4 la  forme  et  k la 
position  de  l'inducteur,  puisae  Ctre  nettement  araeiiore  avec  un  enroulement  k deux  zones  (Ref.  7),  le 
capteur  de  deformations  doit  6tre  de  conception  telle  que  l'eiement  actif  soit  le  plus  eloigne  possible 
du  champ  induit  k haute  frequence,  ce  qui  ne  garantit  d'ailleura  paa  1* absence  de  difflcultes  liees  aux 
interactions  possibles  entre  moyen  de  chauffage  et  capteur  de  de f ormat ions . 

Le  chauffage  a done  dte  assure  par  effet  Joule.  Dans  ce  cas,  le  gradient  de  temperature  est  unique- 
ment  function  de  la  resistance  de  l'eprouvette,  done  de  aa  geometric,  et  presente  ainsi  les  valeurs  lea 
plus  iaible8  au  voiainage  de  la  section  minima.  11  peut  ©tre  ieg£renvent  ameiiore  par  un  calot i f ugeage  qui 
a egalement  deux  autres  fonctions  : limiter  les  echanges  thermiques  par  rayonnement  de  l'eprouvette  vers 
le  capteur  de  deformations  (cf.  paragraphe  4.2.)  et  reduire  Les  fluctuations  de  temperature  autour  de  la 
valeur  de  consigne  dues  k des  causes  extdrieures.  L'allure  du  gradient  de  temperature  obtenu,  compare  k 
ceux  obtenua  avec  les  deux  autres  types  de  chauffage,  est  donnee  par  la  figure  20. 


Fig  20  Cradienta  de  temperature  Fig.  21  Montage  pour  chauffage  par  effet  Joule 

La  temperature  ©tant  function  des  dimensions  de  l’eprouvette,  des  variations  de  ces  dimensions  (entrat- 
neea  par  exemple  par  des  variations  de  contraintes)  provoquent  des  variations  de  temperature  de  m£me  fre- 
quence que  la  sol  1 le i tat  ion  mecanique.  Toutefols,  les  moyens  de  regulation  ayant  une  reponse  suf f i a moment 
rapide,  le  ph©noraiNne  se  rdduit  d de  faibles  fluctuations  autour  de  la  valeur  de  consigne,  gdneralement 
infdrieures  4 17.  L'ensemble  du  montage  permettant  le  chauffage  par  effet  Joule  est  nx>ntr©  sur  la  figure 
21.  Dana  l'optique  d'eaaaia  k temperature  variable,  ce  moyen  de  chauffage  est  de  plus  le  mieux  adapte  car 
etant  capable  de  variations  tr£s  rapides  tant  au  chauffage  qu'au  refroidissement  qu'll  est  possible  d'ac- 
ceierer  par  un  jet  d'air  comprirae 
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5 . WISE  EN  OEUVRE  DE  LA  METHODE  STRA 1 HRANCE  PARTITIONING 
5.1.  Forie  de>  cycles  de  base  : 


La  variation  de  distant  re  de  la  section  minima  de  l'dprouvette  eat  pi lotde  auivant  lea  quatre 
cycles  de  base  ddcrita  aur  la  figure  22. 

Cycle  PP  : II  eat  const itud  par  un  signal 
triangulalre  alternd  de  frequence  0,5  Hz, 
suffisante  pour  ne  pas  laiaaer  apparattre 
de  phdnomAne  de  relaxation.  La  vitesae  de 
deformation  eat  constante  au  coura  de  chaque 
esaai , identique  pour  chacune  dea  phases  de 
traction  et  de  compression.  La  frequence 
d'easaia  etant  constante,  cette  vitease  varie 
dvidemnent  en  fonction  de  1 'amplitude  de  de- 
formation totale  recherchee  (variation  entre 
0,28  et  1,41  7./ sec . ) . 

Cycle  CP  : Un  temps  de  maintien  de  30  secondes 
eat  applique  A la  valeur  maxima  en  traction  du 
signal  triangulalre  precedent,  entrafnant  une 
relaxation  de  contrainte  60,  . La  frequence 
d'easaia  obtenue  eat  de  0,031  Hz.  Comme  pour 
le  cycle  PP,  la  vitesae  de  deformation,  cons- 
tante au  coura  de  chaque  esaai  et  identique 
pour  chacune  dea  phases  de  traction  et  de 
compression,  varie  en  fonction  de  1 'amplitude 
de  deformation  totale  recherchee  (variation  entre 
0,27  et  l 7,/sec.).  Le  temps  de  maintien  de  30 
secondes  a ete  choisl  de  fa^on  a dtre  auffiaam- 
raent  important  pour  entratner  une  relaxation  de 
contrainte  appreciable  et  suf f isamment  faible 
pour  ne  paB  conduire  A dea  durdes  d'easaia  pro- 
hibitivea  devnnt  lea  deiaia  d'execution  A res- 
pecter. 

Cycle  PC  : Le  temps  de  maintien  de  30  secondes 
est,  dans  ce  cas,  applique  A la  valeur  maxima 
en  compression  du  signal  triangulalre  PP,  en- 
tratnant  une  relaxation  de  contrainte  60c  et 
une  frequence  d'essai s de  0,031  Hz.  La  vitesse  de 
deformation  varie  entre  0,27  et  1 7,/sec.  suivant 
les  amplitudes  de  deformation  totale  recherchees. 
Cycle  CC  : Les  temps  de  maintien  de  30  secondes, 
appliques  separement  pour  obtenir  les  cycles  CP 
Fig.  22  Cycles  de  base  et  PC,  sont  appliques  success i vement  aux  valeurs 

maxima  en  traction  et  en  compression  du  signal 

triangulalre  PP,  entralnant  des  relaxations  de  contrainte  6G(  et  60c  . La  frequence  d'essais  obte- 

nue est  de  0,016  Hz  et  la  vitesse  de  deformation  varie  entre  0,2  et  1 7,/sec.  suivant  les  amplitudes  de 
deformation  totale  recherchdes. 

5.2.  Knreglet. rement  des  paramdtres  d'essais  et  depouillement 

Lea  paramMres  d'essais  enregiatrda  sont,  d'une  part,  les  valeurs  de  la  variation  de  dian^tre  appli- 
qude  et,  d'autre  part,  lea  valeurs  de  1 'effort  qui  en  rdsultent.  Deux  types  d 'enregi at rement  sont  effec- 
tuds  : 

1.  Enregi st rement , A intervalles  rdguliers,  des  boucles  d'hystdrdsis  effort  - variation  de  diamAtre.  Pour 
chacun  des  cycles  de  base,  1 'allure  de  ces  boucles  eat  montrde  par  la  figure  23. 

2.  Enregi at rement  contlnu  en  fonction  du  temps  des  deux  paramfctres  : effort  et  variation  de  diamdtre.  Pour 
chacun  des  cycles  de  base,  1 'allure  de  ces  enreg i a trements  est  montrde  sur  la  figure  24.  Les  valeurs  enre- 
gistrdes  n 'dtaiit  pas  directement  celles  utili  sables  pour  1 'd tabl issement  des  courbes  de  base  de  la  indthode 
SRP  (contraintes  ou  deformations  vraies  appliqudes  au  coura  de  chaque  cycle,  prdsentdes  sur  la  figure  25) 
il  eat  ndeesaaire  de  proedder  A un  ddpoui  1 ieinent  A postdr iori,  A partlr  des  valeurs  relevdee  aur  lea  bou- 
clea  d'hyatdrdaia  (Fig.  26).  Lorsque  cea  boucles  ne  correspondent  pas  exactement  A la  demi  durde  de  vie 
dea  dprouvettea,  lea  valeurs  d'efforta  et  de  variations  de  diamdtre  sont  reievdea  aur  lea  enregi at rement a 
en  fonction  du  temps. 

Deux  remarquea  sont  ndeesaairea  concernant  ce  ddpoui 1 lement . 

1.  Il  suppose  que  la  diminution  des  efforts,  tant  en  traction  qu'en  compression  et  aprds  relaxation  s'il 
y a lieu,  s'effectue  auivant  la  droite  dlaatique  Jusqu'A  un  effort  nul. 

2.  Il  eat  effectud  en  ddformatlons  dlamdtralea.  En  effet,  le  paramdtre  de  pilotage  dtant  la  variation  de 
diamdtre  de  1 'dprouvet te , lea  paliers  aux  diun£tre*  minimum  et/ou  maximum,  a'lla  entratnent  ef feet  1 vement 
un  palter  de  la  ddformation  diamdtrale  totale,  n'entrafnent  pas  un  palier  de  la  ddformatlon  longi tudinale 
totale  en  raison  de  la  relaxation  dea  contraintes.  Pour  obtenir  ce  palier,  il  strait  ndeeasaire,  avec  la 
mdt hodoiog i e d'easaia  retenue,  d'efiectuer  un  calcul  en  temps  rdel  pour  piloter  la  machine  d'eaaais  par 
l'une  quelconque  des  diifdrentea  compoaantes  de  la  ddformation  longi tudinale . 
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Le  schema  de  principe  du  ddpoui l lement  dea  rdaultata  d'eaaaia  en  de  format ions  diamdtrales  eat  done  le 
auivant  (toutea  lea  valeurs  relevdea  aur  lea  bouclea  aont  conaid^rdea  en  valeur  abaolue)  : 


* Calcul  de  la  deformation  diametrale  totale  A€*: 

deformation  diametrale  totale  en  traction  : (C^  )f  : | LofllO^o^)) , avac  D,  = 0§  - AD, 
deformation  diametrale  totale  en  compression  : (C*  >2  z | Log  (D2/D0  )| , avac  02  : 0#  ♦ AD2 

a 

- Calcul  de  la  deformation  diametrale  dlaatique  AC#|: 

deformation  diametrale  eiaatique  en  traction  :<cJ)2zV02/ 1,  02  r P2/a1 

deformation  diametrale  eiaatique  en  compression:(£*)4  =VG4/E  . av«c  04  = P4/A2 


| Acf  = <e{ >,♦<£?>, 

}AC*  :<£*>,. <£j>4 


- Calcul  de  la  deformation  diametrale  indlastique 


AC" 


AC.  = Ac; 


- AC 


d 

• I 


- Decomposition  de  la  deformation  diametrale  indlastique  : 


O,  :p,/Ai 



: VO,/ 1 

<W*i 

)j 

= VO, /I 

A£dc  = .n.j[ 

(C#)|  “ <c«)2] 

E2>S-£Ct>4 

1} 

■ sup  | [(£d ),  - (£* 

>2  ] ’ [(c.  V 

<'i]} 

<P={[«£d. 

>1  -<£?),]-[<£?] 

'3  - < >4  ] j 

[ Si  >o 

AEpc  " | [<£« 

),-(£d.)4]-[<£d.»i 

Si  >0 

- Determination  dea  contraintea  : 

Contrainte  maxima  en  traction  : G(  z 

Relaxation  de  contrainte  en  traction  : bOtzOy-02 
Contrainte  maxima  en  compression  : Oc  z 03 

Relaxation  de  contrainte  en  compression  : 60c  = <7j-04 
Amplitude  totale  de  contrainte  : AO:  O,  »Oc 

Ce  schema  de  ddpoul llement  est  valable  pour  les  quatre  types  de  sollicitat ion . En  effet,  pour  le  cycle 
CC,  il  a 'applique  Integra  lenient  tel  que  ddfini  ci-dessua  et  pour  les  autres  cycles  il  donne  : 

Cycle  PP  : p,  = p2  .1  P,=  P4  -O,  = a2  no,  :®4 ► (cj),  = <tj),  •<  (tj),  = (tj  )4 

A£pP  = Atf„;  AC£c  r A£Cp  = ACpc  :0  ; 60,=  60c  = 0 

C*cle  CP  : pj=p4  -0,  = °4  ►(£?>,  = <tj>4 

Acjp  =[(£-.),- (tj), ] j A£dpp  = A<,-A£-p  j A£^  = A£dpc  = 0 ; AOc  =0 

e^cU  K : p,  = p, -a,  = o, ►<£d),  =(£d), 

A£dpc=[<£t>,-<d>4]  ! AC^prAE^-AE^  i A£dc  = AEdp=0  ; 60,  =0 


5.3.  Resultats  etetabli ssement  des  courbes  de  base 


L'enaemble  des  resultats  par  dprouvette  est  donne  par  le  tableau  de  la  page  suivante. 

Les  rdsultats  obtenus  avec  le  cycle  PP  permettent  de  determiner  directement  lea  param^tres  de  la 
relation  (ACj*n)pp  - A(Npp)8  par  la  m£thode  des  moindres  carrds  appliqude  sur  les  coordonndes 

logarithmiques . On  obtient  alnsi  A ■ 0,332  et  B ■ 0,689  avec  un  coefficient  de  correlation  R“0,997. 

Cette  derni&re  valeur  souligne  la  tr&s  faible  dispersion  des  resultats  d'essais  obtenus  avec  ce  cycle. 

La  decomposition  de  la  deformation  ineiastlque  ayant  etd  rdalisee  pour  l'ensemble  des  resultats  obtenus 
avec  les  cycles  PC,  CP  et  CC,  il  est  possible  de  determiner  les  param£tres  dea  relations  (A£^n)|j z A(Njj)B 
correspondent  A ces  trois  cycles.  11  faut  d'abord  tenir  compte,  pour  les  cycles  PC  et  CP,  du  doomage  du 
A la  presence  de  la  composante  de  type  PP.  Seules  les  composantes  PP  et  PC  (ou  CP)  etant  presentee,  les 
rapports  fpp  *1  fpc  ( ou  fcp  ) aont  connus . La  r£gle  de  donmage  utilisee  pour  prdvoir  la  durAe  de  vie 
correspondent  A la  combinai  son  dea  composantes  fondamentalea , 1/Npr  s Fpp/Npp+  fpc/nPC<ou  FCP/NCP>  • 
peut  alors  At  re  utilisde  par  une  procedure  inverse. 
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La  valeur  Npr  eat  la  dur4e 
valeur  Npc  (ou  Ncp  ) de  la 


d«'  vie  obtenue  en  eaaais,  Hf 
relation  pr£c£dente  : 


npc(ouNcp>  : 


fpc  (OU  Fgp ) 

1 /N|  “ ^pp  f ^pp 


el  il  eat  done  poaaible  de  d£duire  la 


Dana  ie  eaa  du  cycle  CC , il  faut  6galeraent  tenir  coropte  du  doomage  dG  a la  presence  de  la  conipoaante 
PP  mais  aussi  de  celui  dO  A la  presence  d'une  compos ante  PC  ou  CP  suivant  qu'il  exist e une  compoaante 
de  fluage  non  corapens£e  dans  l’une  ou  1’ autre  dea  parties  du  cycles  On  obtient  ainsi  : 


cc 


cc 


1/N|  - Fpp/Npp  - ^pc/NPC  *ou  fCP'  MCP* 

Les  rlsultats  obtenua  sont  regroup£a  dans  le  tableau  ci-dessous  : 


] 

s? 

*1  13 

z 

FPP 

fPC 

FCP 

Fcc 

N. 

NPP 

V 

NCP 

Ncc 

fll-2 

0,317 

— 
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- 

- 
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53 

- 

- 

82-4 
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- 

- 
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30 

- 
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- 

- 
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28 

- 

B2-18 

0,061 
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- 

- 
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- 
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0,011 
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0,546 

- 

- 

l 076 
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. 

- 

B2-8 
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- 

- 

72 
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12 

- 

- 
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- 
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- 
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- 

85 

- 

82-7 
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0,718 

- 

0,282 

- 

2 679 
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- 
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- 

82-1 

0,672 
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- 
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- 
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- 
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- 

B2-17 
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- 
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- 
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- 
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- 
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- 
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- 
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- 

0,006 
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- 

31 

29 
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- 
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1 012 

2 287 

- 
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Bl-16 
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- 
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0,096 
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- 

45 

38 

81-15 
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- 

. 
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3 100 
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Ces  daultats  montrent  qu'une  des  conditions  de  validity  d'un  result  at  d'essai  pour  1 'etabl  i ssement 
d'une  relation  fundament  ale  d'endurance  (R£i.  2-p  27),  A savoir  qu'll  iaut  que  la  composante  A laquelle 
on  s'interesse  soit  la  composante  dominant e ( F 4 1 > 0,5)  n'est  satisiaite  que  pour  ie  cycle  PP 
( fj|  tou jours  egal  A 1).  Dans  les  aut res  cas,  et  saui  pour  une  eprouvette  (Epr.  K2-6,  cycle  PC),  les 
rapports  F 4 j varient  entre  0,09  (Epr.  hl-14,  cycle  CC)  et  0,303  (Epr.  Hl-15,  cycle  CC).  Par  contre,  si 
cette  condition  est  appliqude  sur  les  douimages  (Ref.  2.  p.  27),  A savoir  que  la  composante  A laquelle  on 

s'intlresse  doit  entralner  au  uml ns  la  moltie 
du  doomage  total  au  cours  d'un  essai 
( Fjj«N|/N|i>|,)),  elle  est  alors  vFriliFe  dans  tous 
les  cas,  saui  pour  trois  eprouvettes  essay£es 
avec  le  cycle  CC  (Tableau  ci-contre  )•  Cepen- 
dant  une  seule  de  ces  trois  eprouvettes  a Fd 
41imin4e  pour  la  dltermi  nat ion  de  la  relation 
(ACjn)cc  - A(Ncc)B  : il  s'agit  de  l'eprou- 
vette  B 1 - 1 7 ( ^cc*wf/wcc  - 0,256).  Les  deux  autres 
eprouvettes  ont  6te  conserv^es,  les  valeurs 
obtenues  ( fcc  * Nf  ✓ ncc  r #,455  #t  #.#•*  ) 
ayant  6t6  jugees  acceptables.  Les  quatre  rela- 
tions i ondaiuent  ales  d'endurance  de  la  m£thode 
SRP  ont  ainsi  pu  f tre  determiners  par  la  metho- 
de  des  moindres  carr^s  appliqu^e  sur  les  coor- 
donn^es  logari thmiques  : 


Cycle  PP  : ( AC?„  )pp  - 0,111  ( Npp  f0'68’ 
Cycle  PC  :(AC?n)  =0,l»5(Hpc)-|  l2J 


Cycle  CC  : ( AC*Jn >cc  = 0. 184  ( Nc£  f0-929 


Les  coefficients  de  correlation  obtenus 
pour  les  different#  cycles  PP,  PC,  CP 
et  CC,  respecti vement  R ■ 0,997  - 
0,972  - 0,993  et  0,992  marquent  la  fai- 
ble  dispersion  des  dsultats,  et  mon- 
trent  qu'il  est  possible  d'exprimer 
les  relations  fundament ales  par  des 
lois  en  puissance,  autrement  dit  par 
des  repdsentat  ions  linlaires  de  la 
deformation  ineiastique  en  fonction 
de  1 'endurance,  en  coordonndes  loga- 
rlthmiques.  C'6tait  IA  un  des  buts  de 
1 '^valuation  de  la  ru£thode  SRP,  atteint 
ici  dans  le  cas  des  deformations  dia- 
met rales.  Les  quatre  droites  obtenues 
sont  trades  sur  la  figure  27.  Dans  le 
domaine  de  deformations  diametrales 
i ne  1 ast  i ques  allant  de  0,01  A 1 7. , la 
limite  superieure  d^endurance  est 
obtenue  avec  le  cycle  PP.  La  limite 
indrieure  est  obtenue  avec  le  cycle 
PC. Les  cycles  CP  et  CC  donnent,  quant 
A eux , des  dudes  de  vie  i ntermedi ai res 
et  volsines.  En  d'autres  terrors,  consi- 
ddrant  un  point  quelconque  d'une  struc- 
ture ou  d'une  piece,  soumise  A des 
sollicitations  entralnant  la  presence 
de  dd formal  ions  i nf last i ques , si  le  domaine  de  deformations  ineiastiques  £talt  entitlement  de  type  PP  la 
dude  de  vie  max  1 mum  serait  Npp  et  si  ce  domaine  £tait  entierement  de  type  PC  la  dude  de  vie  ne  serait 
pas  inflrleure  A N pc  . Pour  des  deformations  diametrales  ineiastiques  superieures  d 2 7«,  les  cycles  PC, 

CP  et  CC  conduisent  A des  dudes  de  vie  voisines,  3 4 5 fois  lnferieures  A celles  obtenues  avec  le  cycle 
PP.  Pinalement,  pour  toute  deformation  ineiastique,  les  limites  inferleure  et  superieure  de  la  dude  de 
vie  peuvent  Ct  re  determiners  en  faisant  l'hypothese  que  la  duree  de  vie  reelle  doit  £tre  comprise  entre 
la  plus  faible  et  la  plus  eievee  des  valeurs  donnees  par  les  relations  liant  l'endurance  aux  differents 
types  de  deformations 


Fig.  27.  Courbes  de  base 


5 . U . Appl i cation  A un  cycle  complexe 

La  demarche  parti  col  if  re  preconi  see  par  la  methode  SRP  pour  la  prevision  des  dudes  de  vie  en  fati- 
gue ol  igocycl  ique  .1  haute  temperature  consiste,  A partir  d'une  boucle  d ' hyaddsi  s cor  respondent  A un 
cycle  de  f one t i onneroent  reel,  A effectuer  une  decomposition  du  domaine  de  variation  des  deformations 
ineiastiques  en  tenant  compte  des  interactions  fatigue-f luage. 


‘V-I  / 


COMMAND!  D : f (t)  — R EPONSE  P f (t) 


Fig.  28.  Cycle  et  boucle  complexes 


Fig.  29.  Conmande  ADs  1 (l)  et  r£ponse  Pz  1 (t) 


U. ins  le  but  de  pouvoir  comparer  aussi  prdcisdment  que  possible  des  rdsultats  experiment aux  avec  ceux 
resultant  de  provisions  de  la  mOthode  SRP,  cette  mOthode  a OtO  appliquOe  4 partir  d'un  cycle  particulier 
de  pilotage  de  la  variation  de  diamOtre  des  Oprouvettes  conduisant  & une  boucle  d'hystOrOsis  aur  laquelle 
a OtO  effectuOe  La  dOcompOBi tion  (Fig.  28  et  29).  Ce  cycle  est  caractOrisO  par  les  diffOrents  Ailments 
suivants  : 

- vitesses  de  ddiormation  difilrentes  en  traction  et  en  compression  (rapport  10/1) 

- temps  de  maintien  d fflrents  aux  valeurs  maxima  du  cycle  en  traction  et  en  compression  (rapport  10/1)- 

II  conduit  A une  boucle  comportant  des  composantes  PP,  CP  et  CC  qui  peuvent  Ptre  dlterminles  par  le 
schOma  de  dOpoui 1 lement  dlcrit  au  paragraphe  5.2. 

Deux  groupes  d'essais  ont  ltd  conduits,  visant  h des  niveaux  de  dO format  ions  diainAt  rales  totales  de 
0,6  et  0,8  7.. 

I Is  donnent  les  rOsultats  figurant  dans  le  tableau  ci-dessous. 


Hep. 

Kpr. 

HST" 

7. 

7. 

7. 

A£dpp 

7. 

AtCC 

7. 

0t 

MPa 

6ot 

MPa 

°c 

MPa 

SO 

AO 

MPa 

cycles 

82-3 

0,788 

0,214 

0,  574 

0,469 

0,045 

0,060 

912 

392 

965 

298 

1 877 

140 

142-16 

0,787 

0,215 

0,572 

0,473 

0,044 

0,055 

885 

492 

944 

275 

1 829 

150 

B2-14 

0,791 

0,219 

0,572 

0,473 

0,040 

0,059 

903 

490 

965 

294 

1 868 

152 

142-2 

0,791 

0,213 

0,578 

0,480 

0,041 

0,057 

883 

487 

938 

281 

1 821 

189 

142-11 

0,597 

0,214 

0,383 

0,306 

0,033 

0,044 

785 

383 

874 

216 

1 659 

210 

142-12 

0,591 

0,201 

0,389 

0,306 

0,036 

0,047 

785 

412 

864 

236 

1 649 

237 

141-21 

0,596 

0,194 

0,402 

0,342 

0,025 

0,035 

671 

298 

762 

173 

1 433 

351 

Ces  rdsultats  perraettent  de  diterminer  d'une  part,  les  difflrents  rapports  E j j - •* 

d'autre  part,  Les  durles  de  vie  [(AC,n)||/ AJ1/B  qui  sont  dlduites  des  relations  fondamentales 

Itablies  au  paragraphe  5-3,  pour  aboutir  aux  provisions  de  durOe  de  vie  Npf  = * /^*Fp'Hpp)Mfcp/Hcp)  ♦(Ecc/Ncc )| 
(tableau  ci-dessous).  J 


Rep. 

Epr. 

Ati„ 

FPP 

PP 

FCP 

NCP 

o"  1 
o 



Ncc 

"pr 

B2-3 

0,574 

0,817 

360 

0,078 

45 

0,105 

42 

154 

B2-16 

0,572 

0,827 

362 

0,077 

46 

0,096 

42 

160 

B2-14 

0,572 

0,827 

362 

0,070 

46 

0,103 

42 

160 

B2-2 

0,578 

0,830 

357 

0,071 

45 

0,099 

41 

158 

B2-11 

0,383 

0,799 

648 

0,086 

74 

0,115 

65 

240 

B2-12 

0,389 

0,787 

634 

0,093 

73 

0,121 

64 

227 

Bl-21 

0,402 

0,851 

604 

0,062 

70 

0,087 

61 

269 

On  constate  alora,  en  calculant  pour  chaque  4prouvette  l'dcart  relatif  entre  lea  rdsultats  des  provi- 
sions et  lea  rdsultata  expOr imentaux  : I Npr  - Nf  I / Np,  , que  cet  dcart  varle  entre  4,4  et  30,5  %t 

l'dcart  moyen  ae  aituant  aux  environs  de  12,5  7«.  L' illustration  de  ce  rdaultat  eat  donnde  par  la 
figure  30,  reprOaentant  les  durOes  de  vie  rOelles  obtenues  en  essais  en  fonction  dea  provisions  de 
durOe  de  vie  obtenues  par  la  mOthode  Strainrange  Partitioning. 


Fig.  30.  Comparaiaon  durOes  de  vie  rOellea  - durOes  de  vie  prOvues 


6.  CONCLUSIONS 

A pres  1 'Otabl issement  des  quatre  relations  fondamentales  d'endurance  relative  A l'alliage  base  nickel 
Waspaloy,  la  mOthode  de  decomposition  a 4t4  appliqule  k un  cycle  coraplexe,  au  sens  ou  il  entratne  la  presence 
de  trois  des  quatre  composantes  fondamentales,  mais  le  plus  simple  possible  dans  sa  definition,  de  maniOre  k 
ne  pa 8 entralner  de  difficultes  part icul i&res  lors  de  sa  raise  en  oeuvre. 

Trois  points  easentiels  sont  A retenir  de  notre  evaluation  partielle  de  la  mOthode  Strainrange  Partitio- 
ning : 

1.  File  a etO  effectuee  our  les  deformations  diamOtrales. 

2.  En  ce  qui  concerne  1 'Otabl issement  des  courbes  de  base  et  toujours  A cause  de  la  methodologie  d'essais  uti- 
lisee  (paliera  de  deformations,  qu'elles  soient  diamOtrales  ou  longi tudinales) , il  semble  difficile  de  retenir 
comme  critfcre  de  validity  d'un  essai  celui  relatif  k la  composante  dominante,  qui  n'est  que  rarement  vOrifie, 
contrairement  k dea  esaais  conduits  avec  des  paliers  de  contrainte  entraTnant  des  composantes  importantes  de 
type  PC,  CP  ou  CC . C'est  done  le  crit&re  sur  le  doomage  dominant  qui  a ete  retenu. 

3.  Dans  le  domaine  relativement  etroit  ou  a ete  effectuee  l'evaluation  (deux  niveaux  de  deformations  diametrales 
totales  conduisant  k des  durees  de  vie  faibles,  de  l'ordre  de  150  k 250  cycles)  la  validite  de  la  methode 
Strainrange  Partitioning  est  apparue  comme  excellente  puisque  les  durees  de  vie  reelles  observees  en  essais  et 
celles  rdaultant  des  previsions  ne  different  que  dans  un  rapport  maximum  de  1,30  (minimum  1,04)  alors  que  la 
valeur  couranment  annonede  pour  ce  rapport,  concernant  cependant  un  domaine  de  durdes  de  vie  plus  vaste,  est  de 
2. 

Deux  remarque8  finales  paralssent  interessantes  k formuler.  Files  concernent  les  deux  aspects  du  programme 
cooperatif  qui  n'ont  pu  ®tre  abordes  par  le  C.E.A.T. 

1.  Les  relations  d'endurance  ddfinissent-ellea  reellement  des  limitea  k la  duree  de  vie, notaoment  une  limite 
superieure  avec  un  cylce  type  PP  ? 


‘M'J 


Pour  obtenir  ce  type  de  cycle  h haute  temperature,  il  eat  nAcessuire  que  la  frequence  d'eaaaia  soit 
aul  f i bailment  grande  pour  Aviter  1 'apparition  de  tie  1 orm.it  i one  de  fluage.  11  eat  done  poeaible  de  dAfinir 
une  frequence  minima  eieminant  lea  effets  de  fluage,  toua  lea  eaaaia  de  type  PP  diant  conduila  h une  fre- 
quence plus  eievee.  Mais  n'y  a-t-il  pas  dgaleraent  une  borne  auperieure  h conaiderer  sur  la  irequence,  puiaque, 
gdndr element  , une  augmentation  de  la  frequence  d'eaaaia,  pour  une  valeur  donnee  de  deform.it  ion  totale,  aug me* ri- 
te la  deiormation  eiaatique  et  diminue  la  deformation  plaatique,  ce  qui  peut  entratner  une  augmentat ion  de  la 
duree  de  vie  (Ref.  8 et  9)  ? 

2.  Lea  relationa  d 'endurance  aont-ellea  independantea  de  la  temperature  d'eaaaia  ? 

Devant  lea  differentea  concluaiona  aur  ce  point,  corame  le  montre  lea  reaultata  ohtenua  au  Cranfield 
Inatitute  of  Technology  A l'occaaion  du  present  programme  cooperatif,  il  semble  i ndi apenaahle  de  pourauivre 
cea  etudea  le  plua  loin  poeaible. 

Des  eaaaia  claaaiquea  (effort  ou  deiormitiona  imposes) , effectues  au  C.K.A.T.  au  coura  d'autrea  etudes  de 
caracteri aat ion  de  materiaux  a di 1 ferentea  temperatures,  ont  tou jours  montre,  avec  dea  cycles  de  type  PP,  une 
influence  sensible  de  la  temperature  aur  la  duree  de  vie. 

Cependant,  certaines  plages  de  temperatures , d' amplitude  variables  suivant  lea  materiaux,  peuvent  peut-dtre 
etre  definiea,  dans  leaquellea  lea  relationa  d'endurance  obtenues  pour  une  temperature  reatenL  valables. 
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SUMMARY 

Low  cycle  fatigue  teat  results  on  a cast  Ni-Cr-base  alloy  I have  shown  that  cycles  containing 
tensile  dwell  periods  have  extended  cyclic  endurances.  The  results  compared  on  total  inelastic  strain 
(hysteresis  strain  loop  width)  fall  into  two  groups,  HRSC  and  CCCR  cycles,  and  BCCR  and  TCCR  cycles. 

Strain  range  partitioning  could  not  be  successfully  applied  in  its  present  form  to  the  data  produced. 

Analysis  of  the  data  by  the  method  proposed  by  Ostergren  gave  cyclic  endurance  predictions  generally 
within  a factor  of  t2  for  all  the  types  of  test  cycles  employed  at  750  and  850°C.  Use  of  a simple  frac- 
tional life  approach  using  the  pp  and  pc  components  to  assess  the  fatigue  contribution,  and  summed  dwell 
times  in  tension  to  assess  the  creep  contribution,  has  given  predictions  of  similar  accuracy. 

Microstructural  examination  revealed  typical  fatigue  failures  in  specimens  tested  with  HRSC  and  CCCR 
cycles.  In  specimens  tested  with  BCCR  and  TCCR  cycles  there  was  a tendency  to  intergranular  creep  damage 
which  predominated  at  the  higher  strain  ranges  in  TCCR  tests. 


1.  INTRODUCTION 

The  results  of  a programme  of  Low  Cycle  Fatigue  (I£F)  testing  on  a cast  Ni-Cr-base  alloy  IN738LC  have 
been  used  to  assess  the  Strain  Range  Partitioning  approach  (SRP)  as  a method  for  predicting  LCF  behaviour. 

The  work  has  formed  part  of  a cooperative  AGARD  project.  Various  types  of  testing  wave  forms,  including 
some  containing  hold  periods,  have  been  employed  in  an  attempt  to  determine  the  different  strain  components 
used  in  this  analysis.  The  data  have  also  been  assessed  by  other  predictive  techniques. 

2.  MATERIAL 

The  alloy  was  supplied  in  the  form  of  76mm  diameter  cast  stick  which  was  subsequently  cast  into 
slightly  oversize  specimen  blanks  and  plunge-ground  to  finished  size  * (see  f ootnote  on  p.  10-4). 

3.  TEST  EQUIPMENT  AND  TECHNIQUES 

Furnaces,  adaptors  and  extensometers  were  designed  and  manufactured  for  use  in  a 500RW  MTS  servo- 
hydraulic  testing  machine,  and  special  function  generators  were  obtained  to  produce  the  complex  tension/ 
compression  wave  forme  required.  Temperature  control,  including  the  gradient,  was  generally  within  *2°C 
and  was  achieved  with  a 3-zone  resistance  furnace  enclosing  the  specimen.  Three  thermocouples  placed 
along  the  gauge  length  were  used  to  measure  the  gradient,  one  of  these  being  continuously  monitored  through- 
out the  test  duration.  The  principal  test  temperature  was  850°C,  but  a few  tests  were  carried  out  at  750toC. 

Strain  was  measured  axially  by  an  extensometer  similar  in  design  to  those  used  in  creep  tests.  Ilie 
extensometer  was  attached  to  the  specimen  (see  Fig.l)  on  two  machined  ridges  which  defined  the  gauge  length. 
MTS  strain  transducers  on  opposing  sides  of  a specimen  were  attached  to  the  lower  end  of  the  extensometer 
to  enable  the  axial ity  to  be  checked.  Creep  properties  required  by  one  of  the  analyses  employed  were 
determined  with  the  same  type  of  specimen  in  the  same  equipment. 

The  four  basic  strain-controlled  cycle  wave  forms  identified  by  NASA  as  HRSC,  CCCR,  BCCR  and  TCCR  are 
defined  in  Fig. 2.  All  cycles  with  the  exception  of  HRSC  required  load  limitation  in  compression  (CCCR), 
tension  and  compression  (BCCR)  or  tension  only  (TCCR).  Additionally,  a few  tests  have  been  included 
involving  either  a tensile  or  compressive  stress-relaxation  hold  for  a fixed  period  of  time  at  maximum 
tensile  or  compressive  strain  (cycle  types  THSC  and  CHSC  also  shown  in  Fig.2). 

Cyclic  frequencies  were  controlled  by  ramping  rates  which  gave  a strain  rate  of  approximately  O.Ole"1. 
Thus,  with  the  controlled  strain  ranges  employed,  the  frequencies  (ignoring  hold  periods)  were  0.25  Hz  or 
greater.  Some  preliminary  checking  of  hysteresis  loop  behaviour  for  the  cycles  immediately  following 
shake-down  showed  little  detectable  decrease  in  loop  width  at  frequencies  greater  than  this. 

In  the  majority  of  the  strain-controlled  tests  the  period  between  crack  initiation  (detected  from 
hysteresis  loop  behaviour)  and  failure  occupied  as  much  as  50#  of  total  life.  The  rate  of  decay  of  the 
tensile  load  in  this  period  was  therefore  very  slow,  and  as  a result  failure  was  assumed  to  have  occurred 
at  the  number  of  cycles  at  which  the  load  had  fallen  to  approximately  30#  of  the  initial  tensile  level. 
Subsequent  examination  of  these  specimens  showed  that  in  the  majority  of  cases  a crack  had  proceeded 
across  the  section  to  an  extent  commensurate  with  the  reduction  in  load. 

A few  tests  with  cycles  either  of  sawtooth  form  or  with  fixed-time  tension-hold  periods  are  included 
in  the  analysis  of  the  data  by  techniques  other  than  SRP.  These  tests  were  cycled  between  equal  tensile 
and  compressive  loads,  but  at  a slower  frequency  (ignoring  hold  periods)  of  approximately  0.1  H*. 

4.  RESULTS 

Results  for  the  four  basic  test  cycles  to  determine  the  pp,  pc,  cc  and  cp  hysteresis  components  used 
in  strain  range  partitioning  are  given  in  Table  1.  A graphical  presentation  of  the  total  inelastic 


strain  (t jn)  against  endurance  in  shown  in  Fige.3a-d  i or  the  different  cycles.  Included  on  these  diagrams 
are  additional  results  of  tests  at  75Q°C  or  for  other  cycle  forms. 

5.  METALL0GRAPH1C  EXAMINATION 

A longitudinal  section  from  each  specimen  was  polished  mechanically  and  then  etched  at  1.5v  in  an 
aqueous  solution  comprising  10 % nitric  and  5%  glacial  acetic  acids.  The  sections  were  examined  by  optical 
microscopy*  and  assessments  of  the  damage  in  the  specimen  were  made  to  establish  the  predominant  mode  of 
failure. 

(a)  General  observations 


The  alloy  exhibited  a typical  cast  structure  of  relatively  coarse  grain  size  (average  linear  intercept 
0.70mm) • The  highly  irregular  and  convoluted  grain  boundaries  reflected  the  dentritic  nature  of  the  grains. 
The  spacing  between  the  secondary  dendrite  arms  was  typically  0.1mm.  Regions  of  the  eutectic  Y ••  Y'  were 

common,  and  in  many  cases  features  that  were  associated  with  them  gave  the  appearance  of  sharp  cracks  at 

low  magnification  but,  at  sufficiently  high  magnification*  these  could  be  resolved  as  aclcular  particles. 
Carbide  particles  were  well  distributed  and  predominantly  of  an  angular,  chunky  morphology.  Porosity 
was  generally  uniformly  distributed;  on  average  >-6  pores,  typioally  0.05mm  diameter,  were  observed  per 
mm*5  of  polished  Bection,  although  larger  pores  and  clusters  of  pores  were  occasionally  observed. 

(b)  Failure  modes 

(i)  HftiSC  tests  Failure  resulted  from  the  growth  of  transgranular  fatigue  cracks  originating  from 

the  specimen  surface  as  in  Fig .4*  However,  in  the  specimen  tested  at  the  highest  total  strain  range  (t^) 

of  *1.0%  a significant  amount  of  bulk  damage  in  the  interior  of  the  specimen  was  also  observed.  The 

nature  of  this  damage  was  similar  to  that  observed  in  a specimen  fractured  in  a tensile  test  at  850°C,  see 
Fig.5  for  example,  and  included  cracking  from  pores,  short  intergranular  cracks  and  cracked  carbides. 

(ii)  CCCR  teste  The  introduction  of  compressive  creep  dwells  did  not  markedly  change  the  nature  of 
the  damage,  apart  from  a tendency  for  the  fatigue  cracks  to  propagate  along  a mixed  trans-  and  inter- 
granular path.  Again,  the  test  at  *1.0%  showed  bulk  damage  similar  to  that  described  above  in  addition 
to  fatigue  cracks. 

(iii)  bCCR  tests  At  the  two  lower  strain  ranges,  although  creep  dwell  periods  were  introduced  in 

both  teneicu)  and  compression  the  major  cracks  still  originated  at  the  specimen  surface.  The  specimen 
tested  at  the  lowest  strain  range,  10. 35%  exhibited  transgranular  fatigue  cracks  while  in  that  tested 
at  *0.5%  the  cracking  was  intergranular.  However,  at  the  higher  strain  range  of  *0.65%  ^t  bulk  damage 

of  a creep  or  tensile  nature  became  evident.  At  *1.0%  some  bulk  damage  was  seen  but  premature  failure 
could  have  resulted  from  a large  cluster  of  pores  observed  at  the  fracture. 

(iv)  TCCR  tests  At  the  lower  strain  ranges  the  introduction  of  dwell  periods  in  tension  only  did 
not  change  the  predominance  of  typical  fatigue  damage,  although  some  intergranular  bulk  damage  was  also 
evident.  However,  at  the  higher  strain  levels  of  *0.65%  and  *1.0%  e ^ (and  also  in  the  test  with  stress 
relaxation  dwells  at  *0.5%  the  predominant  form  of  damage  in  the  specimens  was  intergranular,  typical 
of  that  observed  in  specimens  monotonically  tested  at  comparable  creep  stresses  (Fig. 6). 

6.  ANALYSIS  OF  DATA 

(a)  Strain  range  partitioning 

In  spite  of  the  limited  quantity  of  data  at  750° C,  it  can  be  seen  in  Fig. 3a  that  endurances  of  tests 
with  pp  loops  do  not  share  a common  relationship  with  those  at  850°C.  It  would,  therefore,  be  incorrect 
to  assume  that  in  this  alloy  there  is  no  effect  of  temperature  per  se  on  endurance. 

Attempts  to  derive  partitioned  strain  relationships  proved  impossible  using  the  expression 

1 

FT 

obs 

where  F is  the  strain  fraction  corresponding  to  the  appropriate  loop  component  indicated  by  the  suffix,  N 
is  the  corresponding  endurance  and  N05B  is  the  endurance  for  a cycle  containing  a mixture  of  strain 
components.  This  can  be  seen  in  Table  2,  where  negative  values  for  the  derived  endurances  were  obtained 
in  many  cases.  These  negative  values  were  in  the  main  associated  with  tests  where  the  partitioned  strain 
required  was  less  than  50%  of  the  total  strain  range  (fc^n),  or  where  less  than  50%  of  the  damage  was 

produced  by  the  strain  component  of  interest  (i.e.  damage  0 = F/N  x N . = <0.5). 

cp  cp  obs 

In  order  to  meet  these  validity  requirements  in  circumstances  where  the  introduction  of  cp  or  cc 
components  result  in  significantly  increased  endurances,  the  pp  fraction  has  to  be  reduced  to  very  low 
levels  which  are  experimentally  difficult  to  achieve.  In  some  cases  it  would  have  been  necessary  to  have 
F _p  <0.1  to  0.2  to  fulfil  the  latter  criterion  for  the  present  alloy.  As  the  creep  resistance  is  so  high, 
extremely  long  cycle  times  would  have  been  required,  or  the  temperature  raised  to  a level  considerably 
higher  than  that  of  the  service  conditions,  particularly  at  lower  e levels.  Another  feature  observed 
in  the  basic  testing  cycles  TCCR,  CCCR,  and  BCCR  was  the  very  rapid  shortening  of  cycle  times  after  the 
first  P to  3 cycles,  which  necessitated  a lowering  of  the  stress  levels  to  obtain  hold  periods  of  reason- 
able magnitude. 

The  ductility  of  the  alloy  was  greater  in  creep  than  in  tensile  testing.  Reduction  of  area  was  4%  in 
tensile  tests,  and  ranged  from  20  down  to  8%  in  creep  for  times  of  3 end  l80  hours.  An  attempt  was  made, 
therefore,  to  employ  the  ductility  - normalised  SRP  method,  which  gave  some  predictions  of  as  little  as  10% 
of  the  actual  endurances. 
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A comparison  of  the  total  inelastic  strain  (£in)  fo**  the  four  basic  types  of  test  loops  is  shown  in 
Kig*7«  It  can  be  seen  that  they  fall  into  two  groups.  Those  containing  only  pp  and  pc  components 

having  shorter  cyclic  endurances  than  those  containing  cp  and  cc  components.  For  this  material,  therefore 
it  would  appear  that  for  equal  inelastic  strain  ranges  the  introduction  of  a tension  hold  period  extended 
the  life.  The  principal  controlling  factor  appeared  to  be  the  type  of  strain  produced  in  the  tensile  part 
of  the  cycle  which  was  associated  with  the  tensile  stress  levels;  these  were  considerably  higher  for  those 
containing  only  pp  or  pc  components. 

(b)  OstarKren's  Analysis 

Ostergren^  has  postulated  that  the  basic  Cof f in-Manson  equation  will  provide  a correlation  for  various 
types  of  LCF  data  with  different  wave  forms  including  hold  periods,  if  account  is  taken  of  tensile  stress 
levels.  In  the  present  work  unbalanced  stress  loops  containing  cp  and  pc  components  resulted  in  cycles 
with  higher  stresses  in  the  opposite  direction  to  that  containing  the  creep  period.  The  stress  levels  of 
the  tests  which  illustrate  this  are  given  in  Table  % Ostergren  proposed  a basic  equation 

°T  Nf  = C 

where  o,p  is  the  tensile  stress, 

& e is  the  total  inelastic  strain 
P 

N^  is  the  number  of  cycles  to  failure,  and 
P and  c are  constants. 

He  found  that  for  some  materials  a frequency  term  must  be  added  but  this  was  not  found  necessary  for 
the  present  alloy.  All  the  data  generated  in  the  present  work  are  shown  in  Fig. 8 using  this  expression. 
Included  also  are  results  of  some  load-controlled  tests,  some  of  which  contained  5 min  hold  periods  in 
tension*  The  results  for  these  tests  tend  to  lie  toward  the  lower  bound  of  the  ±2  scatter  band,  which 
may  be  explained  by  the  fact  that  they  were  not  closed  loop  cycles  with  a net  tensile  strain  being  produced 
Nevertheless,  the  expression  has  produced  a reasonable  fit  to  many  different  types  of  test  cycle  results, 
with  only  U results  out  of  27  lying  markedly  outside  the  -2  scatter  band. 

(c)  Fractional  Life 


The  earliest  attempts  to  predict  the  life  when  complex  cycles  contained  creep  and  fatigue  components 
assumed  that  failure  would  occur  when  the  fractions  of  life  which  could  be  ascribed  to  each  of  these 


omponents  added  up  to  unity* 

This 

gives  the  expression 

N A t . 

^ + V ' 1 

where 

Nf 

is  the  number  of  cycles  to  failure  for  a 
constantly  cycled  stress  or  load  range. 

N 

is  the  number  of  cycles  to  failure  for  a 
specific  combination  of  stress  range  and 
hold  periods. 

t 

r 

is  the  rupture  time  of  a normal  creep  test 
at  the  stress  conditions  prevailing  during 
the  hold  period, 

and 

t 

is  the  summed  hold  time. 

'ftiis  analysis  requires  creep  data,  whereas  these  are  not  needed  in  SHP  analysis,  but  creep  data  are  avail- 
able for  most  high  temperature  materials. 

In  the  present  programme  some  modifying  assumptions  have  been  made  to  use  this  approach  to  the  data 
produced  by  the  cycles  employed  for  SRF  These  are:- 

(i)  pp  loop  tests  These  provide  the  data  giving  Nf,  so  that  this  is  determined  on  a strain  loop 
width  basis  and  not  on  the  stress  range. 

(ii)  cp  loop  tests  ’TOie  £pp  component  provides  the  N/Nf  term.  The  time  at  the  tension  hold  stress 
compared  with  creep  data  provides  the  t/tr  term*  Where  hold  periods  are  at  constant  strain  resulting  in 
stress-relaxation  the  effective  stress  has  been  taken  as 


eff 


°1  - °2 


where  1.  the  stress  at  the  beginning  of  the  hold  period 

and  Op  Is  the  stress  at  the  end  of  the  hold  period. 

(ill)  pc  loop  testa  Hie  whole  hysteresis  strain  width  is  assuoed  to  be  a_  • This  presupposes  that 
coapressive  creep  has  eery  little  effecti  and  Is  accounted  for  by  the  increased’etress  In  tension  resulting 
from  it. 

(lv)  cc  loop  tests  The  epp  coaponent  Is  determined,  giving  and  only  the  tlae  in  tension  hold 
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period  considered.  Again  it  is  assumed  that  there  i a no  effect  of  compressive  hold  periods  beyond  the 
consequent  longer  tensile  hold  times. 

All  of  these  components  have  been  determined  at  N/2  as  in  the  8RP  analysis.  Also  the  tests  which  are 
included  in  this  analysis,  which  were  cycled  with  load  control , were  assessed  for  Nf  by  the  Cpp  component. 

A comparison  of  predicted  and  actual  endurances  using  this  approach  is  shown  in  Fig.9.  Only  4 test 
points  out  of  20  lie  markedly  outside  a *?  scatter  band,  and  a factor  of  +3  would  include  all  results. 

Kor  the  pp,  pc  and  cc  tests,  the  metal lographic  evidence  is  broadly  consistent  with  the  above  assump- 
tions. However,  the  creep  life  fraction  in  the  cp  tests  is  generally  much  less  than  would  be  expected  from 
the  levels  of  creep  damage  seen  in  the  fractured  specimens. 

7.  CONCLUSIONS 

(a)  Application  of  the  SKI*  analysis  has  not  been  possible  for  the  test  data  produced  for  the  IN'? }8>1JZ  alloy. 
This  material  has  exhibited  unusual  behaviour  in  that  the  introduction  of  tensile  hold  periods  resulted  in 
longer  endurances  foi  equal  £jn  ranges.  Consequently ,it  is  very  difficult  to  meet  validity  requirements 
for  the  generation  of  basic  data  for  SRJP  analysis. 

(b)  Use  of  two  alternative  analyses,  one  proposed  by  Ostergren  and  the  other  a modified  fractional  life 
approach,  both  of  which  are  suitable  for  the  present  data,  have  provided  reasonable  correlations  for  the 
various  test  cycle  results. 

(c)  Metallographic  examination  of  fractured  specimens  has  shown  that  failure  is  dictated  by  fatigue  for 
tests  with  sawtooth  cycling,  compressive  held  periods,  and  for  tests  with  tensile  hold  periods  at  the  lower 
strain  ranges.  Grain  boundary  damage  predominated  in  tests  with  tensile  hold  periods  where  controlled 
strains  were  10.6*5%  or  greater. 
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* < hemic .il  compositions,  maleri.il  processing,  heal  treatments  and  mechanical  properties  for  each  tested  alloy,  as  well  as  the  data 
generated  in  the  programme,  are  given  in  Appendix  A I 
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t)  min  hold  periods  at  idax-  compressive  strain. 

Failure  taken  as  cycles  at  which  the  maximum  tensile  stress  <30%  of  initial  level 
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For  CCCH  (pp  ♦ pc  loop)  test  cycle  wave  forms: - 
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For  BCCR  (pp  ♦ co  loop)  teat  cycle  wave  forma: - 
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High  Rate  Strain  Cycle  (HRSC) 

Constant  ramping  in  tension  and 
compression 


Compressive  Cyclic  Creep  Rupture  (CCCR) 
Opposite  cycle  to  TCCR  Compressive  hold 


Balanced  Cyclic  Creep  Rupture  IBCCR) 

Creep  hold  periods  in  tension  and 
compression  at  constant  load  until 
specific  strain  reached 

Tensile  Cyclic  Creep  Rupture  (TCCR) 

Ramped  to  a predetermined  stress  with 
tensile  creep  hold  Reversed  at  specific 
tensile  strain  Ramped  to  equal 
compressive  strain 

Tensile  Hold  Strain  Cycle  (THSC) 

Ramped  to  specific  strain  Fixed  time 
tensile  stress -relaxation  Then  ramped  to 
compressive  strain  with  no  time  hold 


Compressive  Hold  Strain  Cycle  (CHSC) 
Opposite  cycle  to  THSC  Fixed  time 
compressive  stress -relaxation 
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CYCLIC  WAVEFORMS 


Total  inelastic  strain  range  (%) 
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FIG  3 

L TOTAL  HYSTERESIS  LOOP  WIDTHS  FOR  TESTS  ON  IN  730  LC  ALLOY 
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fig.  It 

Tranagranular  fatigue  crack  in  a 
specimen  tested  in  HR£C  at 
♦0.6*#  * at  850®C. 
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Intergranular  damage  in  a specimen  crept 
to  fracture  at  1(50  N/mm^  and  850"C. 
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FIG  7 COMPARISON  OF  TESTS  WITH  HRSC.  TCCR.  CCCR  AND  BCCR 
CYCLIC  WAVE  FORMS  AT  850°C 
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FIG  8 


OSTERGREN'S  DAMAGE  FUNCTION 
TYPES  AGAINST  ENDURANCE 


FOR  VARIOUS  CYCLE 


FIG  9 LIFE  PREDICTION  BY  MODIFIED  FRACTIONAL  EQUATION 
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SUMMARY 

Ihe  applicability  of  Strainrange  Partitioning  (SRP)  for  predicting  the  low  cycle 
fatigue  (I.LI  ) behavior  of  the  superalloy  Rene  95  at  922K  (I  200°l  J is  addressed.  A three 
phase  test  plan  is  described  which  consists  of  baseline  strain  control  testing,  cyclic 
creep  tests  utilizing  load  control  to  strain  limits,  and  validation  testing  comprised  of 
less  conventional  waveforms.  The  data  indicate  that  compressive  strain  hold  cycles  are 
more  damaging  than  tensile  strain  hold  cycles.  It  is  also  shown  that  the  LLP  behavior 
of  this  alloy  depends  largely  on  the  time  in  tension  per  cycle  and  on  the  value  of  the 
maximum  tensile  stress  which  develops  large  biases  during  strain  hold  testing.  SRP  was 
not  able  to  predict  life  within  a factor  of  two  for  strain  hold  tests  that  generated  the 
largest  changes  in  the  value  of  the  maximum  tensile  stress  compared  to  time  independent 
beha v i o r . 

1.0  INTRODUCTION 

A major  area  of  concern  in  the  development  of  recent  military  turbine  engines  has 
been  life  cycle  management.  A part  of  the  technology  needed  to  optimize  the  life  of 
components,  such  as  turbine  disks,  is  the  ability  to  accurately  predict  their  crack  ini 
tiation  lives  under  typical  cyclic  conditions.  With  the  increasing  turbine  temperatures 
that  accompany  performance  gains,  the  turbine  section  operating  conditions  are  becoming 
increasingly  severe.  Typical  military  flight  missions  include  significant  dwell  periods 
at  high  power  settings  with  the  result  that  time  dependent  damage  mechanisms  operate. 

This  has  necessitated  modification  of  existing  life  relationships  previously  relied  upon 
at  lower  temperatures . 1 One  such  development  has  been  the  Strainrange  Part i t ioningl > 2 , 3 
(SRP)  method  for  predicting  creep- fatigue  interactions. 

It  has  been  shown  in  the  literature  that  SRP  can  be  a valuable  tool  in  analyzing 
creep  fatigue  interactions  in  many  alloys. 3,4,5  jn  one  summary^,  data  for  twelve  differ- 
ent alloys  were  analyzed,  and  SRP  was  successful  in  correlating  lives  within  a factor  of 
two.  The  alloys  that  have  been  studied  are,  however,  generally  more  ductile  than  the 
high  strength  nickel  base  superalloys.  Time  dependent  deformation  constitutes  a large 
fraction  of  the  total  inelastic  strains  in  these  more  ductile  alloys,  and  research  has 
been  concentrated  in  the  cyclic  life  range  where  inelastic  strains  are  also  comparatively 
large.  At  these  levels  of  inelasticity,  the  stress  response  of  the  alloys  is  generally 
more  predictable  than  at  lower  strain  ranges,  in  particular,  significant  mean  stresses 
do  not  usually  develop. 

Menon7  has  reported  that,  for  the  superalloy  Rene  95,  stress  relaxation  during 
strain  hold  cycles  is  rather  limited  at  922K  (1200OF)  and  the  fractions  of  time  dependent 
strain  are  small.  This  behavior  is  particularly  marked  approaching  the  life  range  of 
interest  for  practical  engineering  design  (5,000  - 50,000  cycles).  Although  the  "creep" 
strains  are  small,  the  response  of  Rene  95  to  strain  hold  cycles  is  rather  pronounced. 

This  paper  will  describe  the  reaction  of  Rene  95  to  strain  controlled  fatigue  at  922K 
and  discuss  the  Influence  of  various  test  parameters  on  the  fatigue  behavior.  The  high 
temperature  LLP  data  will  be  analyzed  using  SRP  and  an  evaluation  will  be  made  of  how 
effective  the  model  is  in  correlating  the  data  base,  as  well  as  predicting  crack  initia- 
tion lives  for  different  test  conditions.  This  research  was  performed  at  the  Air  force 
Materials  Laboratory. 

2.0  EXPERIMENTAL 

2 . 1 Mate  rials 

Rene  95  is  a high  strength,  nickel  base  superalloy  primarily  used  for  turbine  disks 
in  recent  turbine  engines.  The  alloy  composition  is  given  in  Table  I (see  also  Appendix  A I ) 

In  addition  to  the  conventional  strengthening  mechanisms  involving  precipitation  of  a 
high  volume  fraction  of  gamma  prime,  and  to  a lesser  degree  solid  solution  hardening, 

Rene  95  derives  part  of  its  strength  from  the  residual  dislocation  substructure  introduced 
during  a thermomechanical  processing  treatment  ('IMP).  TMP  is  also  responsible  for  the 
duplex  structure  of  Rene  95,  often  called  the  "necklace  structure",  in  which  large  warm 
worked  grains  (75um)  are  surrounded  by  a necklace  of  fine  recrysta  1 1 i zed  grains  (4iim). 


The  result  ol  TMI‘  and  conventional  hardening  treatments  is  an  improvement  in  tensile  and 
rupture  strength  at  temperatures  to  about  922K. 


The  two  pancakes  of  Rene  95  used  in  this  program  were  taken  from  a vacuum  indue 
t ion  melted  and  vacuum  arc  remelted  ingot  approximately  0.228m  in  diameter.  The  ingot 
was  given  a homogenization  anneal  in  the  range  J263K  - 1436K  for  3 hours  and  then  furnace 
cooled.  The  pancakes  were  subsequently  reheated  to  1 30GK  - 1410K  and  forged  to  bring  the 
thickness  to  40-501  above  the  final  value.  This  was  followed  by  a recrystallization  an 
neul  at  1436K  for  one  hour.  This  results  in  a uniform  grain  diameter  between  .004 
.127mm.  The  forgings  were  cooled  from  the  recrystallization  temperatures  at  a rate  greater 
than  93. 3K  per  hour  to  1172K  and  then  air  cooled  and  taken  to  final  processing.  The  forg- 
ings were  reheated  to  1 352K  1 3 8 0 K and  the  final  reduction  was  applied,  resulting  in  a 

further  40-504  decrease  in  thickness.  The  pancakes  were  then  partial  solutioned  at  1366K, 
oil  quenched  to  a temperature  below  755K,  and  aged  at  1033K  for  16  hours. 


The  Rene  95  forgings  have  been  characterized 
behavior'1,  and  room  temperature  I.CT  crack  initiation  mechanisms, 
properties  of  Rene  95  are  summarized  in  Table  111  of  the  Appendix. 
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The  tensile  and  creep 


2.2  lest  Procedures 


The  low  cycle  fatigue  tests  were  performed  using  a servohydraul ic  closed  loop 
system.  The  test  specimens  were  of  the  standard  hourglass  design  with  a 6.35mm  (.250 
inch)  minimum  diameter.  A diametral  extensometer  along  with  a strain  computer  was  used 
to  monitor  and  control  the  tests. 11  All  tests  were  conducted  at  922K  (1200°F).  Test 
cycles  were  completely  reversed,  zero  mean  strain.  Specimens  were  heated  using  an  induc- 
tion system  with  control  thermocouples  attached  in  the  radius  section  away  from  the  mini- 
mum diameter. 


The  test  plan  consisted  of  three  phases:  baseline  testing  under  strain  control, 
cyclic  creep  tests  utilizing  load  control  to  strain  limits,  and  validation  testing  com- 
prised of  less  conventional  waveforms.  The  Phase  I,  baseline  test  procedures,  will  he 
discussed  herp.  The  cyclic  creep  tests  and  validation  testing  will  be  described  in 
separate  sections. 


The  baseline  testing  was  designed  to  evaluate  the  l.CI  properties  of  Rene  95  at 
922K  and  to  provide  sufficient  data  with  which  to  establish  the  SRP  life  relations  under 
PP , PC,  CP,  and  CC  loading.  The  test  matrix  was  comprised  of  high  rate  strain  cycles 
(IIRSC),  as  well  as  tension,  compression,  and  balanced  strain  hold  tests  (TIISC,  CI1SC,  BHSC)  . 

The  continuous  cycling  tests  (IIRSC)  were  diametrically  monitored  and  the  total 
axial  strain  was  controlled.  The  specimens  were  tested  at  20  cycles  per  minute  (.333  llz) 
using  a triangular  waveform.  This  frequency  represents  the  upper  limit  of  the  test  system 
and  is  at  a high  enough  rate  to  preclude  time  dependent  deformation  in  Rene  95  at  922K  at 
the  strain  ranges  tested. 

The  dwell  cycles  incorporated  hold  times  in  tension,  compression,  and  both  (bal 
anced  strain  hold  cycles).  These  tests  were  also  strain  controlled.  The  ramp  rate  was 
the  same  as  for  a 20  cycles  per  minute  (cpm)  test.  The  strain  limit  was  maintained  during 
the  dwell  and  the  load  was  allowed  to  relax.  Both  one  and  ten  minute  hold  times  were 
used.  These  tests  will  be  denoted  as  (X/Y)  tests  where  X is  the  number  of  minutes  held 
in  tension  and  Y is  the  time  held  in  compression,  i.e.,  a one  minute  tensile  hold  test  is 
designated  as  ( 1/0)  . 

2.3  Data  Reduct  ion 

The  SRP  life  relationships  have  been  derived  using  the  interaction  damage  rule1’, 
which  is  expressed  by  the  equation: 

N"(.  = fpp/Npp  * fpc/NPc  * fcp/Ncp  + fc(/Ncc  hq.n) 

where:  Nj.  ■ cyclic  life  under  some  complex  hysteresis  loop 

f. j * constitutive  fraction  of  type  i , j inelastic  strain 

Njj  * cyclic  life  expected  where  entire  inelastic  strain  is  of  type  c . . 

The  strain  ranges  were  partitioned  from  the  load  and  inelastic  strain  stripchart  record- 
ings. for  the  strain  hold  cycles,  the  creep  strain  was  defined  as  the  inelastic  strain 
that  developed  during  stress  relaxation.  The  value  was  calculated  by  dividing  the 
decrease  in  stress  during  the  hold  period  by  the  elastic  modulus.’ 

Because  Rene  95  cyclically  softens  at  922K,  there  was  generally  a significant 
increase  in  the  inelastic  strain  throughout  a test.  lor  the  20  cpm  tests,  the  inelastic 
strainrange  increased  between  134  and  1304  of  the  original  value.  The  amount  of  soften- 
ing generally  increased  as  the  total  strainrange  decreased.  The  reported  values  of  load 
and  strain  are  the  values  at  half-life  (Nf/2).  These  values  were  used  in  the  SRP  analysis. 

All  cyclic  lift:  values  are  cycles  to  failure  (Nf).  Several  methods,  however, 
were  examined  to  establish  a value  of  cycles  to  crack  initiation  (Nj).  The  most  sensitive 
criterion  was  to  visually  determine  the  point  at  which  the  slope  of  the  relationship  of 
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the  maximum  tensile  stress  with  time  changed.  This  point  was  then  designated  the  time  of 
crack  initiation.  lor  the  baseline  strain  controlled  tests  the  earliest  indication  of 
initiation  using  this  criterion  was  851  of  the  cycles  to  failure.  Most  values,  however, 
were  greater  than  901  Nf. 


The  data  were  also  analyzed  using  the  St  and  1(11  load  drop  criteria.  Initiation 
was  defined  as  the  point  at  which  the  maximum  tensile  load  decreased  the  designated  per 
centage  from  the  cyclic  softening  load  line.  These  values  of  Nj  were  necessarily  even 
higher  fractions  of  the  total  life  than  for  the  previously  discussed  criterion.  In  light 
of  these  results,  it  was  concluded  that  no  significant  benefit  would  he  realized  by  using 
some  measure  of  Nj  rather  than  Nf. 


lor  the  SKI*  analysis,  the  best  fit  life  relationships  of  the  form 
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have  been  determined.  A least  squares  fit  to  the  data  was  obtained  in  the  sense  that  the 
sum  of  the  squares  of  the  error 
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was  a minimum. 


3.(1  FXPFK  I MENTAL  KhSUl.TS 

3 . 1 Baseline  Tests  - Cyclic  Response 

As  has  been  mentioned,  Rene  9T>  is  a relatively  creep  resistant  alloy  at  922K.  The 
reaction  of  the  material  to  strain  hold  cycles,  however,  is  significant.  Results  are 
presented  in  lig.  I for  the  various  hold  tests  along  with  the  high  rate  strain  cycle  tests 
performed  at  20  cpm.  Inelastic  strainrange  is  plotted  versus  cycles  to  failure,  and  the 
best  fit  line  is  drawn  through  the  20  cpm  test  points.  This  is  the  Manson Coffin  rela 
tionship  for  time  independent  behavior.  These  data  indicate  that  at  the  same  inelastic 
strain  compressive  hold  tests  are  the  most  damaging,  while  the  tension  strain  bold  tests 
produce  longer  lives  than  the  creep  free  high  rate  strain  tests.  The  latter  result  is 
particularly  pronounced  at  the  lower  inelastic  strain  ranges.  Fig.  1 further  shows  that 
the  use  of  the  Manson - Co f f in  relationship  would  result  in  a potential  error  of  a factor 
of  five  in  predicting  the  data. 

3.2  S t res s Beh avior 

The  material  response  of  -Rene  95  is  such  that  large  shifts  develop  in  the  maximum 
tensile  stress  during  some  strain  hold  cycles  as  compared  to  the  20  cpm,  time  independent, 
behavior.  These  changes  are  in  addition  to  the  reductions  in  stressrange  that  accompany 
cyclic  softening.  A plot  of  the  maximum  tensile  stress  versus  inelastic  strainrange  is 
shown  in  lig.  2.  These  data  are  for  the  baseline  strain  controlled  tests  (THSC,  CIISC, 
BIISC,  1IRSC)  . Compressive  hold  tests  develop  significantly  higher  peak  tensile  stresses 
at  a given  inelastic  strainrange  than  do  the  20  cpm  tests,  and  the  tensile  and  balanced 
strain  hold  tests  have  lower  tensile  stresses  than  the  20  cpm  tests.  The  shift  in  peak 
tensile  stress  for  these  data  increases  as  the  strainrange  is  reduced  and  the  hold  time 
lengthened.  This  behavior  is  generally  reflected  in  the  value  of  the  mean  stress.  Fig. 

3 shows  the  mean  stress  as  a function  of  inelastic  strainrange  for  these  same  tests. 
Compressive  hold  tests  develop  a positive  mean  stress  while  the  continuously  cycling 
tests  and  tension  and  balanced  hold  cycles  have  negative  mean  stress  values.  As  with 
the  tensile  stress  data,  Fig.  2,  the  largest  biases  develop  in  the  tensile  strain  hold 
tests  at  the  lower  strainranges  and  longer  hold  times. 

3.3  Strainrange  Partitioning  Analysis  f Phase  I) 

The  high  rate  strain  cycle  tests  (IIRSC)  and  the  strain  hold  cycle  tests  (THSC, 

CIISC,  BIISC)  comprised  the  baseline  testing  program.  These  data  were  used  to  construct 
the  four  SRI’  life  relations  from  which  validation  tests  were  predicted.  All  baseline 
test  data  are  listed  in  Table  IV  of  the  Appendix. 

3.3.1  PF  bine 

The  high  rate  strain  cycle  tests  (20  cpm)  contained  only  plastic  inelastic  strains. 
They,  therefore,  formed  the  basis  of  the  PP  relationship.  The  data  are  shown  in  Fig.  <1. 
The  best  fit  power  law  equation  for  the  PP  line  is: 

At pp  - 0.736  (Npp)  liq.(4) 

.3.3.2  CC  bine 

Balanced  strain  hold  tests  were  performed  to  generate  CC  data.  These  were  both 
1/1  hold  (one  minute  hold  in  tension  and  one  minute  hold  in  compression)  and  10/10  bold 
tests.  Due  to  the  differing  stress  relaxation  response  of  the  alloy  in  tension  and  com 
pression,  the  tests  in  most  cases  contained  small  amounts  of  PC  or  CP  strain.  The  parti 
tioned  strains,  cycles  to  failure,  and  the  calculated  values  of  life  and  percent  damage 
are  listed  in  Table  I.  The  percent  damage  attributed  to  a particular  strain  component  is 


1 1 -t 


ca  1 cul  ated  using  t lit-  equation'*: 

N .(  I DO ) • t damage  Bq.(5) 

ij 

The  calculated  CC  data  points  are  shown  in  Tig.  5.  The  equation  of  the  CC  line 

i s : 

At(.(.  = 0.198  (NrC  ) ' 0 ' 852  l.q.(O) 

3.3.3  PC  Line 

The  PC  damage  was  partitioned  from  compressive  strain  hold  tests.  The  hold  periods 
were  for  one  and  ten  minutes.  The  partitioned  data  are  presented  in  Table  II.  The  PC 
points  and  line  are  shown  in  Tig.  6.  The  equation  of  the  PC  line  is: 

Ae pC  - 0.135  (Np(.r°-9H  Bq.(7) 

3.3.4  CP  fine 

The  CP  points  were  calculated  from  I/O  and  10/0  tension  hold  strain  data.  These 

cycles  have  been  previously  shown  to  he  less  damaging  than  high  rate  strain  cycles  when 

compared  at  the  same  inelastic  strainranges  (Pig.  1).  Because  tension  hold  cycles  are 
significantly  less  damaging  than  I’P  cycles  at  lower  strain  levels,  the  values  of  N^p  cal 
ciliated  from  the  interaction  damage  rule  are  negative.  These  calculations  suggest  that 
not  only  is  CP  strain  in  this  range  less  damaging  than  PP,  hut  it  can  he  considered  "re- 
juvenating" when  incorporated  with  PP  damage.  This  is  emphasized  by  considering  that  for 
those  tests  with  a negative  N(q>  life,  Nf  was  significantly  greater  than  the  life  predicted 
for  the  partitioned  Aipp  component  alone. 

The  CP  data  are  presented  in  Pig.  7 and  Table  III.  The  points  with  negative  cal 

culated  N(;p  lives  are  plotted  at  the  appropriate  strain  levels.  These  data  are  also 

plotted  on  a less  conventional  semi  - logarithmic  plot  (Pig.  8)  in  order  to  present  the 
negative  life  values  and  to  show  the  discontinuous  nature  of  the  function. 

Because  the  present  formulation  of  SRP  does  not  provide  a basis  for  describing 
negative  life  behavior,  certain  approximations  will  be  made  in  order  to  continue  the 
analysis.  There  seems  to  be  no  straightforward  method  for  developing  a single  life  rela 
tionship  using  both  the  positive  and  negative  N(;p  points.  The  graphical  construction  of 
a relationship  representing  all  tests  is  unclear  since  it  appears  from  Pigs.  7 and  8 that 
the  value  of  strain  at  which  the  N<;p  lives  change  from  positive  to  negative  values  depends 
on  the  hold  time  of  the  cycle.  Therefore,  a single  CP  life  relationship  has  been  estab- 
lished on  the  basis  of  only  those  data  points  with  positive  Nq>  lives.  This  relationship 
will  be  conservative  in  predicting  the  negative  NCP  lives. 

The  equation  of  the  line  through  the  positive  N(;p  points  is: 
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Atcp  = 2.20  (N(;|)j  Bq . (8 ) 

•This  relationship  was  used  in  the  calculation  of  the  CP  damage  in  the  balanced  strain  hold 
tests . 

3 . 4 Da t a Acceptance  Cr it e ria 

In  order  to  establish  a valid  SRP  life  relationship,  it  is  essential  that  a signi- 
ficant portion  of  the  damage  in  a baseline  test  be  due  to  the  strain  component  of  interest. 
A criterion  has  been  proposed  to  determine  if  a test  point  meets  this  requirement.**  This 
standard  requires  that  the  percent  damage,  defined  by  Bq.(S),  attributed  to  the  strain 
component  of  interest  be  greater  than  50$,  and  it  further  states  that  the  fraction  of 
creep  strain  (fcc>  fcp>  fPC)  in  The  test  should  be  greater  than  one-half. 

This  validity  criterion  has  not  been  applied  to  the  data.  Although  the  intent  of 
the  standard  is  appreciated,  it  appears  that  in  this  case  it  would  unfairly  bias  the  life 
relationships.  In  general,  the  CC  and  PC  data  points  do  have  calculated  values  of  percent 
damage  greater  than  the  required  50$.  Several  points  that  do  not  meet  this  criterion, 
however,  have  also  been  included.  The  reason  for  this  is  that  points  that  last  longer 
than  predicted  by  the  best  fit  lines  have  calculated  values  of  percent  damage  less  than 
points  that  scatter  even  farther  from  the  line  but  into  the  lower  life  range.  Also,  for 
much  of  the  data,  the  calculated  values  of  percent  damage  did  not  change  predictably  with 
changes  in  the  fraction  of  creep  strain.  A more  consistent  correlation  would  be  expected 
if  the  percent  damage  was  a good  measure  of  the  cyclic  life  expended  due  to  creep.  There- 
fore, omitting  the  points  with  less  than  50$  creep  damage  would  in  this  case  prejudicially 
bias  the  life  lines  toward  the  lower  life  range. 

The  CP  points,  in  general,  did  not  meet  the  percent  damage  criterion.  However, 
because  of  the  unusual  results  from  applying  the  interaction  damage  rule  to  these  data 
and  because  there  was  not  a good  correlation  between  percent  damage  and  frp , the  CP  points 
were  considered  valid. 

Although  not  strictly  required  by  the  criterion,  the  fractions  of  creep  strain  for 
the  baseline  tests  were  not  greater  than  one-half.  These  small  creep  strains  are  a result 
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of  the  type  of  test  cycle  employed.  Because  there  is  stress  relaxation  in  a strain  hold 
cycle  and  due  to  the  limited  creep  response  of  Rene  95  at  922K,  the  fractions  of  CC,  CP, 
and  PC  damage  in  all  baseline  tests  were  small.  The  response  of  the  material  to  these 
small  creep  strains,  however,  was  significant  with  the  result  that  most  tests  did  meet 
the  50$  damage  criterion  as  required.  The  baseline  test  data  were  therefore  considered 
valid  points  with  which  to  establish  the  SRP  life  relationships. 

1 . 5 (,'ycl  ic  Creep  Tests  (Phase  II) 

In  the  strain  hold  cycle  baseline  testing  previously  reported,  the  strain  compo- 
nent of  interest  (PC,  CP,  CC)  comprised  only  10-55%  of  the  total  inelastic  strainrange. 

To  corroborate  the  validity  of  these  data,  several  cyclic  creep  tests  were  performed  at 
the  NASA  l.ewis  laboratory.  In  these  tests,  the  load  was  ramped  to  a prescribed  value  and 
was  then  held  constant.  The  specimen  was  then  allowed  to  creep  to  a set  liametral  strain 
limit  at  which  time  the  load  was  reversed.  These  tests  were  successful  in  generating 
approximately  50 % of  the  total  inelastic  strain  as  creep  strain. 

Hue  to  the  cyclically  softening  behavior  of  Rene  95,  cyclic  creep  tests  need  to  be 
continually  monitored.  Adjustments  must  be  made  in  the  load  level  and  strainrange  in 
order  to  maintain  the  same  proportions  of  each  strain  component  while  still  limiting  the 
tests  to  a reasonable  cyclic  period.  The  strain  fractions,  therefore,  necessarily  varied, 
and  the  reported  values  are  the  best  estimate  for  each  test. 

It  should  also  be  noted  that  as  a result  of  these  tests  being  performed  in  a dif 
ferent  laboratory,  the  specimen  geometry  and  orientation  were  not  the  same  as  used  for 
the  baseline  and  validation  testing.  The  purpose  of  presenting  these  data  then  is  to 
see  if  incorporating  larger  percentages  of  creep  damage  in  a test  grossly  alters  the  life 
relationship  developed  from  the  strain  hold  testing. 

The  results  of  the  cyclic  creep  tests  are  presented  in  Table  IV  and  Figs.  9-12. 

Two  additional  PP  type  tests  were  also  performed  and  data  points  are  plotted  in  Fig.  9. 
These  points  are  consistent  with  the  baseline  PP  data.  Due  to  the  limited  number  of  data 
points,  however,  the  original  baseline  PP  relationship  was  used  to  partition  the  cyclic 
creep  tests.  The  CC  and  PC  points  are  shown  in  Figs.  10  and  11.  They,  too,  are  in  good 
agreement  with  the  strain  hold  data. 

The  relation  of  the  cyclic  creep  CP  points  to  the  CP  strain  hold  data  is  less 
obvious  due  to  the  large  amount  of  scatter  in  the  data  (Fig.  12).  Because  of  the  poten- 
tial error  in  characterizing  the  strain  fractions  of  the  cyclic  creep  tests  and  due  to 
the  limited  strain  range  tested,  these  two  points  can  be  considered  in  the  general  scatter 
band  of  the  strain  hold  points.  However,  in  light  of  the  overall  uncertainty  in  defining 
the  response  of  Rene  95  to  CP  damage  and  in  an  attempt  to  be  thorough  in  this  analysis, 
a second  CP  line  has  been  constructed  as  a best  fit  through  the  two  cyclic  creep  points 
and  baseline  tests  #10  and  #228.  The  choice  of  the  two  strain  hold  data  points  (#10, 

#228)  is  based  on  the  fact  that  these  two  tests  do  contain  the  required  50$  CP  damage. 

This  CP  line  is  defined  by  the  equation: 

Ae(;p  - .050  (CP)'0-689  Iiq  . (9) 

and  will  be  referred  to  as  the  cyclic  creep  CP  line.  A summary  of  the  SRP  relationship 
for  Rene  95  is  presented  in  lig.  13. 

3.6  Data  Correlation 

Based  on  the  four  SRP  life  relationships  developed  from  the  Phase  I baseline  data, 
the  expected  lives  for  those  same  tests  (HRSC,  THSC,  CHSC,  BI1SC)  were  predicted  using 
the  interaction  damage  rule.  The  predicted  values  (Npg|;p)  are  compared  with  the  actual 
lives  (Nf)  in  Table  V and  lig.  14.  The  majority  of  data  lie  within  a factor  of  two  from 
the  predicted  lives.  Five  test  points,  however,  lie  outside  this  range.  Three  tensile 
hold  tests  are  underpredicted  while  one  compressive  hold  test  and  one  20  cpm  test  are 
non  conservatively  predicted.  The  largest  deviation  is  a factor  of  5.5  for  a low  strain- 
range  tensile  hold  test. 

Similar  results  are  presented  in  Fig.  15  for  the  lives  predicted  using  the  cyclic 
creep  CP  line.  In  this  case,  five  tensile  hold  tests  are  underpredicted  by  more  than  a 
factor  of  two,  and  still  the  compressive  hold  test  and  the  20  cpm  test  are  predicted  non- 
conservat i vel y . 

3 . 7 Verification  Tests  - Phase  111 

In  order  to  truly  test  the  predictability  of  SRP,  several  additional  tests  were 
performed  and  their  lives  predicted  on  the  basis  of  the  SRP  life  relations  previously 
presented.  The  waveforms  for  these  tests  were  generally  of  a different  character  than 
utilized  in  the  baseline  testing.  These  include  unbalanced  strain  hold  tests,  intermedi- 
ate strain  hold  tests,  0.05  cpm  slow  rate  strain  cycles,  and  fast-slow  and  slow  fast 
strain  cycles. 

3.7.1  Wa ve fo rms  and  Partitioning 

The  unbalanced  strain  hold  cycles  consisted  of  strain  hold  times  of  differing  dura- 
tions in  tension  and  compression.  This  cycle  was  an  attempt  to  incorporate  significant 
amounts  of  three  types  of  strain  in  one  test.  Both  10/1  and  1/10  cycles  were  tested. 
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The  creep  strains  were  partitioned  from  the  stress  relaxation  curves.  Test  conditions 
and  partitioned  train  values  are  presented  in  Table  VI. 

The  intermediate  strain  hold  cycle  was  conceived  of  as  a means  of  altering  the 
sequence  of  inducing  time  dependent  and  time  independent  strains.  The  strain  hold  was 
introduced  at  a total  strain  value  less  than  the  total  strain  limit  (fig.  16).  Thus, 
the  specimen  was  strained  to  a set  value  and  maintained  for  a period  at  that  strain  level 
while  the  load  relaxed.  The  specimen  was  then  strained  in  the  same  loading  direction  to 
a final  strain  limit.  Test  conditions  included  one  minute  intermediate  holds  in  either 
tension  or  compression  (il/0,  0 / i 1 ) . The  creep  strains  again  were  partitioned  from  the 
relaxation  records.  The  data  are  presented  in  Table  VII. 

The  third  type  of  validation  test  was  the  0.05  cpm  low  rate  strain  cycle  (LRSC) . 

Six  tests  were  performed.  live  of  the  tests  were  run  under  inelastic  strain  control; 
test  34  was  tested  under  total  strain  control  as  were  the  baseline  tests.  Only  three  of 
the  six  tests  were  partitioned.  The  test  conditions  and  the  partitioned  data  for  all 
0.05  cpm  tests  are  presented  in  Table  VIII. 

To  partition  the  strains  for  the  0.05  cpm  tests,  the  rapid  load  method  was  used 
on  a companion  specimen. *2  The  companion  test  was  first  cycled  at  the  appropriate  strain 
level  at  0.05  cpm  under  strain  control.  The  test  was  then  changed  to  load  control  and 
the  load  limits  previously  established  in  the  0.05  cpm  testing  were  imposed.  The  sped 
men  was  then  cycled  under  these  conditions  at  20  cpm.  The  difference  in  the  inelastic 
strainranges  at  the  two  frequencies  (0.05  and  20  cpm)  was  then  considered  to  be  the  creep 
component.  The  fractions  of  inelastic  strain  (frp,  fpp)  were  assumed  to  be  the  same  for 
the  actual  0.05  cpm  test.  As  shown  in  Table  VI  IT  the  fractions  of  creep  strain  in  these 
tests  approached  zero. 

The  fourth  type  of  verification  test  was  the  variable  rate  strain  test  involving 
fast-slow  and  slow- fast  cycles.  A fast-slow  cycle  consists  of  ramping  from  the  minimum 
strain  to  the  maximum  strain  in  1.5  seconds  (20  cpm  rate)  and  then  ramping  from  the  maxi 
mum  strain  back  to  the  minimum  strain  in  600  seconds  (0.05  cpm  rate).  A slow- fast  cycle 
involves  just  the  opposite  sequence.  Both  test  cycles  are  illustrated  in  fig.  17.  The 
rapid  load  method  was  used  to  partition  the  tests.  The  fraction  of  creep  strain  (fee) 
for  both  tests  was  0.12.  The  results  are  presented  in  Table  IX. 

3.7.2  l.  i Jje  Pred  i c t i on 

The  predicted  fatigue  lives  for  the  verification  tests  were  calculated  from  the 
partitioned  data  using  the  interaction  damage  rule  and  the  SUP  life  relations  previously 
established  in  Phase  I.  The  expected  values  are  compared  with  the  observed  lives  in 
Pig.  18  and  Table  X. 

SRP  predicts  both  the  unbalanced  strain  hold  tests  and  the  intermediate  strain 
hold  tests  very  accurately.  The  largest  variation  from  the  predicted  life  was  a factor 
of  1.64.  Both  the  0.05  cpm  tests  and  the  variable  rate  tests,  however,  were  not  generally 
predicted  within  a factor  of  two.  Two  of  the  tests  varied  by  a factor  of  2.4  and  the 
one  slow  fast  rate  test  was  non - conservat i vel y predicted  by  greater  than  an  order  of 
magnitude. 

4 . 0 DISCUSSION 

These  data  have  shown  that  SRP  can  be  used  to  predict  crack  initiation  life  for 
Rene  05  under  certain  test  conditions.  The  majority  of  the  baseline  tests,  particularly 
at  the  larger  strainranges,  were  effectively  correlated  using  SRP,  and  all  the  strain 
hold  verification  tests  were  predicted  within  a factor  of  2.  Other  test  cycles,  however, 
were  not  as  accurately  modeled.  Several  baseline  tensile  strain  hold  tests  and  one  com- 
pressive hold  test  were  not  predicted  by  SRP  within  a factor  of  2.  The  low  rate  continu 
ously  cycling  tests  were  also  poorly  predicted.  In  addition,  it  has  been  noted  that  the 
results  of  the  partitioned  CP  data  do  not  appear  consistent  with  the  basis  of  SRP.  In 
general  then,  the  results  of  this  research  indicate  that  there  are  fundamental  limitations 
in  applying  SRP  in  its  present  form  to  this  type  of  alloy. 

Of  particular  concern  is  the  fact  that  a meaningful  life  relationship  could  not  be 
established  for  CP  damage  in  the  longer  life  region.  In  the  SRP  analysis  (Sect.  3.3), 
baseline  tensile  strain  hold  tests  were  partitioned  and  the  Npp  lives  were  calculated 
using  the  interaction  damage  rule.  As  previously  noted,  the  calculated  values  of  NCP 
for  several  of  the  low  strainrange  tests  were  negative.  This  is  a result  of  the  fact 
that  at  low  strain  levels  tensile  strain  hold  cycles  are  considerably  less  damaging  than 
high  rate  strain  cycles.  The  interaction  damage  rule,  as  presently  conceived,  does  not 
account  for  this  behavior.  This  is  because  the  rule  can  be  considered  asymptotic  in 
nature. I7'  Thus,  even  for  the  hypothetical  case  where  the  other  contributing  lives  were 
infinite,  the  maximum  value  possible  for  life  computed  using  the  rule  equals  the  shortest 
contributing  life  (PP,  PC,  CP,  or  CC)  times  the  inverse  of  its  constitutive  fraction. 

There  is,  however,  a more  general  inconsistency  between  the  data  and  SRP.  The 
results  indicate  that  there  is  a direct  and  significant  influence  of  the  maximum  tensile 
stress  on  fatigue  life  which  is  not  accounted  for  by  SRP.  As  has  been  described,  stress 
shifts  usually  develop  during  strain  hold  testing.  The  value  of  the  maximum  tensile 
stress  increases  during  a compressive  hold  test  and  decreases  during  tensile  and  balanced 
hold  tests.  For  these  data,  the  change  in  the  value  of  the  peak  tensile  stress  compared 
to  the  20  cpm  continuously  cycling  behavior  has  been  shown  to  increase  as  the  inelastic 
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strainrange  decreased  and  the  hold  time  increased  (Fig.  2).  These  results  correlate  with 
the  trends  observed  in  life  (Fig.  1).  Compressive  hold  tests  consistently  have  shorter 
fatigue  lives  than  tensile  hold  cycles  for  the  same  inelastic  s t ra i n ranges , and  the  dif- 
ferences in  life  arc  greatest  at  the  lower  strainranges  and  for  longer  hold  times.  Simi 
lar  behavior  has  been  reported  for  the  high  strength,  low  ductility  alloy  IN  738'4, 

Rene  80*^,  and  for  the  relatively  ductile  Cr-Mo-V  steel  when  tested  at  lower  strain- 
ranges  . 1 & 

The  strainhold  baseline  data  have  been  plotted  on  semi-log  axes  to  directly  show 
the  dependence  of  life  on  peak  tensile  stress,  otmax  (Fig.  19).  This  type  of  analysis 
has  been  suggested  by  Conwayl7>18  for  creep  data.  The  data  fall  generally  onto  three 
straight  lines.  The  fast  rate  strain  data  and  the  compressive  strain  hold  data  fall  on 
one  line,  the  1/0  and  1/1  strain  hold  points  fall  on  the  second  line,  and  finally  the 
10/0  and  10/10  data  can  be  fit  with  a third  line.  Fach  line  corresponds  to  a particular 
tensile  hold  time,  t^  (0,1,10  minutes).  Linearity  on  semi-log  axes  indicates  an  exponen 
tial  relationship  between  maximum  ntmax  and  Nf.  The  best  fit  lines  are  drawn  through 
the  appropriate  data  in  each  case.  The  values  of  Np  compare  with  the  lives  predicted 
from  these  lines  within  a factor  of  two  except  for  one  0/1  test  (#11).  These  relation- 
ships illustrate  the  influence  of  peak  tensile  stress  and  tension  hold  time  on  fatigue 
life.  They  are  not,  however,  proposed  as  a predictive  model. 

In  light  of  these  findings,  the  results  of  the  baseline  data  correlation  (Sect.  3.b) 
can  be  more  easily  understood.  live  baseline  tests  were  not  correlated  by  SRP  within  a 
factor  of  two  (Fig.  14).  The  one  PP  test  (#29)  should  be  considered  a statistical  anomaly 
since  it  does  not  correlate  well  with  the  other  data.  The  other  four  tests  (#22 2,  233, 

33,  237),  however,  are  strain  hold  tests  which  display  a consistent  behavior.  The  three 
tensile  hold  tests  developed  the  largest  maximum  tensile  stress  biases  of  the  tensile 
hold  baseline  tests,  while  test  #222  developed  the  largest  tensile  stress  bias  of  the 
compressive  hold  tests  (lig.  2).  The  stress  bias  for  this  analysis  is  defined  to  be  the 
difference  between  the  value  of  the  maximum  tensile  stress  for  the  particular  test  and 
the  value  of  the  peak  tensile  stress  for  a PP  test  at  the  same  inelastic  strainrange. 

The  PP  data  is  defined  by  the  best  fit  line  through  the  20  cpm  tests  (Fig.  2). 

These  results  further  highlight  the  influence  of  peak  tensile  stress  on  fatigue 
life,  and  they  suggest  that  when  the  stress  bias  is  greater  than  some  critical  value, 

SRP  does  not  accurately  predict  life  (within  a factor  of  2).  Consistent  with  these 
results  is  the  behavior  of  the  balanced  hold  tests.  Those  tests  do  not  develop  as  severe 
a reduction  in  the  peak  tensile  stress  as  do  the  tensile  hold  tests.  The  balanced  strain 
hold  tests  would,  therefore,  not  be  expected  to  fall  outside  the  range  of  predictability 
by  SRP,  as  is  observed. 

The  results  of  the  verification  tests,  however,  cannot  be  totally  explained  in 
terms  of  the  stress  bias.  The  maximum  tensile  stress  for  each  of  the  verification  tests 
is  plotted  versus  inelastic  strainrange  in  Fig.  20  along  with  the  Ae;n  versus  maximum  at 
relationship  for  the  20  cpm  tests  previously  displayed  in  Fig.  2.  The  critical  stress 
bias  limits  have  also  been  constructed  from  Fig.  2.  These  limits  represent  the  boundaries 
between  satisfactorily  correlated  baseline  tests  and  those  not  correlated  within  a 
factor  of  two.  The  maximum  tensile  stress  values  for  the  unbalanced  and  intermediate 
strain  hold  tests  all  lie  within  the  stress  bias  limits.  The  actual  fatigue  lives  for 
these  tests  were  predicted  by  SRP  within  a factor  of  2.  The  two0.05cpm  tests  that  were 
not  accurately  predicted  by  SRP,  however,  do  not  have  peak  tensile  stresses  greater  than 
the  critical  values,  and  the  fast-slow  test  was  predicted  by  SRP  in  spite  of  falling  out 
side  the  critical  stress  units.  These  results  suggest  that  for  strain  hold  tests  the 
peak  tensile  stress  is  a controlling  parameter,  but  for  low  rate  continuously  cycling 
tests  there  is  a more  dominant  factor. 

The  lives  of  the  verification  tests  were  also  compared  to  the  lives  that  would  be 
expected  on  the  basis  of  the  peak  tensile  s t ress - tens i 1 c hold  time  correlation  described 
by  Fig.  20.  For  this  analysis,  the  tci.sion  going  time  per  cycle  for  the  continuously 
cycling  tests  was  used  in  place  of  the  hold  time  in  tension.  Thus,  the  0.05  cpm  tests 
were  compared  to  the  10  minute  tensile  hold  data  as  was  the  slow  fast  test,  and  the  fast- 
slow  test  was  compared  to  the  zero  hold  time  data.  The  intermediate  tensile  hold  tests 
were  also  compared  to  the  zero  tensile  hold  time  relationship  since  the  tensile  hold 
period  for  these  tests  was  at  a stress  level  less  than  the  maximum  stress.  The  data  are 
presented  in  Fig.  21  and  Table  XI. 

All  the  verification  tests  agreed  with  the  tensile  stress-time  lines  within  a 
(actor  of  1.85  which  further  indicates  that  the  high  temperature,  low  cycle  fatigue 
behavior  of  Rene  95  is  dependent  on  the  value  of  the  maximum  tensile  stress  and  some 
' ore  of  tnc  cycle  time  in  tension.  It  appears  then  from  these  results  that  SRP  is 
' < b I e to  accurately  predict  certain  tests  because  a totally  strain  based  model,  such  as 
uin.f  in  all  cases  account  for  changes  in  stress  and  waveshape  which  have  been 
•>  t ignificantly  influence  the  life  of  Rene  95. 

i he  f.n  i that  the  0.05  cpm  verification  tests  were  correlated  using  a factor  for 
• '■  " going  time  may  he  the  basis  for  explaining  their  behavior.  The  0.05  cpm  veri- 

■’  *•  t . generally  failed  in  one-half  the  cycles  expected  for  20  cpm  tests  at  the 

i in  r ra  inranges  . As  previously  reported,  however,  the  0.05  cpm  tests  con- 

>•  ible  partitioned  creep  strains.  The  results  of  the  partitioning  are  supported 
••  . lb-  t"tal  . t ress ranges  and  strainranges  for  the  0.05  cpm  and  20  cpm  tests 

1 i lupws  that  both  0.05  cpm  and  20  cpm  cycles  generated  approximately 

when  tested  at  the  same  total  strainrange.  A reduction  in  stressrango 


would  have  been  expected  if  time  dependent  creep  deformation  was  present  in  the  0,05  cpm 
tests.  These  results  indicate  that  although  the  time  in  tension  per  cycle  is  a control 
ling  parameter,  creep  damage  is  not  responsible  for  reducing  the  life  of  the  0.05 cpm 
tests.  As  previously  stated,  SRI'  in  its  present  form  cannot  account  for  reductions  in 
fatigue  life  not  associated  with  a change  in  inelastic  strains.  This  result  also  suggests 
that  environmental  factors  may  be  governing  crack  initiation  for  low  rate  continuously 
cycling  tests. 

Other  mode  1 s*  '*  > 20 , 2 1 have  been  suggested  which  directly  account  for  the  influence 
of  time  and  peak  tensile  stress.  Ostegrcn*  , in  particular,  has  proposed  a model  which 
includes  terms  for  frequency  and  the  product  of  the  maximum  tensile  stress  and  inelastic 
strainrange.  These  models  have  not  been  critically  examined  with  respect  to  these  data 
and  will  not  be  treated  in  this  analysis. 

Only  limited  metallurgical  studies  have  been  performed  on  the  fracture  surfaces 
of  the  Rene  95  specimens  to  date.  Additional  electron  microscopy  and  me ta 1 lograph i c sec 
tioning  studies  are  required  to  identify  initiation  mechanisms,  as  well  as  crack  propaga 
tion  modes.  Work  also  needs  to  be  concentrated  on  examining  the  basic  response  of  Rene  95 
under  different  cyclic  conditions.  Strainrate  effects,  and  cyclic  softening  and  aging 
phenomena,  need  to  be  better  understood.  For  example,  the  response  of  Rene  95  to  the 

0.05  cpm  cycle  and  the  variable  rate  verification  cycles  need  to  be  more  thoroughly  studied 
in  order  to  identify  the  failure  controlling  mechanisms. 
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It  has  been  proposed  that  the  advantage  of  SRI’  and  the  interaction  damage  rule 
is  that  data  can  be  generatcd  in  the  relatively  low  life  region  to  develop  functional  life 
relations,  and  predictions  can  then  be  extrapolated  into  the  longer  life  range.  This 
research  has  shown  that  this  is  not  the  case  for  Rene  95.  Predict  ions  o f long  life  compres- 
sive hold  and  low  rate  strain  cycle  tests  could  be  dangerously  nonconservative  using  this 
app roach . 

References  have  previously  been  made  to  alloys  that  behave  similarly  to  Rene  95. 

On  going  research  at  this  laboratory  indicates  that  the  high  strength  nickel  base  super 
alloy,  A f; 2 IDA,  also  develops  a large  peak  tensile  stress  shift  during  strain  cycling. 

It  is  also  possible  that  other  more  ductile  alloys  may  develop  similar  stress  biases  when 
fatigued  at  very  low  inelastic  strainranges. 

As  previously  described,  SRP  was  able  to  accurately  predict  crack  initiation  in 
Rene  95  for  certain  test  conditions.  For  the  strain  hold  tests,  SRP  was  effective  when 
the  inelastic  strainrange  was  relatively  large  and  the  hold  time  was  short.  In  the  range 
of  more  practical  design  interest,  however,  SRP  did  not  consistently  predict  the  data 
within  a factor  of  two.  This  result  has  been  related  to  the  development  of  increasingly 
large  biases  in  the  value  of  the  peak  tensile  stress  produced  at  lower  strainranges  and 
with  increasing  hold  times. 

For  the  low  rate  continuously  cycling  tests,  the  applicability  of  SRP  is  not  as 
clearly  defined.  SRP  was  not  able  to  accurately  predict  lives  even  for  high  strainrange, 
low  life  tests.  Additional  testing  and  analysis  is  needed  to  further  understand  this 
beha  v ior . 

5.0  CONCLUSIONS 


1)  Strain  hold  tests  on  Rene  95  have  shown  that  compressive  hold  cycles  arc  more 
damaging  than  tensile  hold  cycles  when  the  two  are  compared  at  the  same  inelastic  strain 
ranges.  Compressive  hold  cycles  also  develop  larger  peak  tensile  stresses  than  do  tensile 
hold  cycles.  For  these  data,  the  tensile  stress  bias  increased  with  decreasing  inelastic 
strainrange  and  increasing  hold  time. 

2)  Maximum  tensile  stress  and  time  in  tension  have  been  shown  to  significantly 
influence  crack  initiation  life  for  Rene  95. 

5)  Strainrange  Partitioning  was  able  to  correlate  the  baseline  data  and  predict 
validation  tests  for  a limited  range  of  conditions.  SRP  could  not  accurately  predict 
crack  initiation  life  for  strain  hold  tests  that  developed  large  tensile  stress  biases, 
or  for  low  rate  continuously  cycling  tests. 

4)  For  the  type  of  alloy  studied,  it  is  suggested  that  SRP  may  be  a useful  predic- 
tion model  for  strain  hold  tests  in  the  range  where  inelastic  strains  are  relatively 
large  and  hold  periods  arc  short.  At  lower  strainranges  and  for  longer  hold  times  where 
significant  stress  biases  develop,  however,  SRP  does  not  appear  applicable  in  its  present 
form . 
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TABLE  I 

CC  PARTITIONED  DATA 


SPEC 

e in 

1 

EPP 

1 

eCC 

J. 

EPC 

1 

ECP 

fCC 

i DAMAGE 

NCC 

1 

.550 

.437 

.085 

.000 

.028 

.15 

42 

57 

2 

. 349 

.276 

.055 

.000 

.018 

.16 

46 

81 

32 

. 201 

.163 

.028 

.000 

.010 

.14 

54 

92 

9 

.122 

.087 

.030 

.005 

.000 

. 25 

23 

1021 

15 

.078 

.054 

.020 

.000 

.004 

. 26 

47 

696 

28 

. 701 

.486 

.188 

.000 

.027 

. 27 

52 

59 

31 

.497 

.304 

.170 

.000 

.023 

.34 

48 

142 

230 

.175 

.104 

.060 

. 000 

.011 

.34 

71 

160 

1)  PERCENT  STRAIN 


TABLE  II 

PC  PARTITIONED  DATA 


SPEC 

1 

E in 

1 

EPP 

l 

EPC 

fPC 

% DAMAGE 

NPC 

6 

.429 

.370 

.059 

.14 

43 

67 

11 

.468 

.406 

.062 

.13 

36 

77 

14 

.324 

. 282 

.042 

.13 

55 

51 

8 

.192 

.168 

.024 

.13 

S3 

98 

13 

.098 

.089 

.009 

.09 

52 

146 

241 

.049 

.044 

.006 

.11 

51 

428 

16 

.010 

* 

— 

... 

-- 

... 

238 

.028 

.023 

.006 

.20 

43 

2095 

222 

.136 

.116 

.020 

.15 

83 

40 

41 

.185 

.130 

.055 

.30 

75 

112 

1 PERCENT  STRAIN 

* COULD 

NOT  ACCURATELY 

PARTITION 

TABLE  III 

CP  PARTITIONED 

DATA 

SPEC 

1 

Ein 

1 

EPP 

1 

ECP 

fCP 

% DAMAGE 

NCP 

245 

.657 

.539 

.118 

.18 

28 

112 

5 

.522 

.447 

.075 

.14 

13 

288 

10 

.297 

.262 

.035 

.12 

52 

59 

7 

.206 

.175 

.031 

.15 

10 

1125 

12 

.089 

.083 

.006 

.07 

33 

274 

39 

.089 

.070 

.019 

.21 

22 

1710 

38 

.049 

.043 

.006 

.12 

-2214 

233 

.061 

.053 

.008 

.12 

-- 

-762 

33 

.038 

.036 

.002 

.05 

-- 

-530 

237 

.046 

.041 

.005 

.10 

-- 

-578 

228 

. 180 

.ISO 

.030 

.17 

51 

156 

40 

.126 

.102 

.024 

.19 

-2510 

1)  PERCENT  STRAIN 


L 
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TABLE  IV 

CYCLIC  CREEP  TESTS  - PARTITIONED  DATA 


SPEC 

TYPE/e i j 

tiC  in 

fpp 

fCC 

fCP 

fPC 

N.  . 
i J 

Nf 

RE- 1 1 

MRSC/PP 

1 .24 

1.00 

.000 

.000 

.000 

72 

72 

RE-16 

IIRSC/PP 

. 308 

1.00 

.000 

.000 

.000 

671 

671 

RE  - 20 

TCCR/CP 

.777 

.529 

.000 

.471 

.000 

18 

34 

RE- 14 

TCCR/CP 

.306 

.530 

.000 

.470 

. 000 

68 

124 

RE -4 

CCCR/PC 

.810 

.498 

.000 

.000 

. 502 

15 

2 7 

RE- IS 

CCCR/PC 

.125 

.610 

.000 

.000 

. 390 

228 

454 

RE-7 

BCCR/CC 

.9  30 

. 342 

.603 

.055 

.000 

27 

39 

RE- 1 3 

BCCR/CC 

. 304 

.345 

.517 

. 1 38 

.000 

109 

164 

RE  - 10 

BCCR/CC 

.146 

.611 

. 389 

.000 

.000 

202 

398 

TABLE  V 

BASELINE 

DATA  CORRELATION 

SPEC 

TYPE 

Nf 

N 

PRED 

Nf/NPRED 

N* ** 

PRED 

Nf/N*PRED 

21 

20  cpm 

203 

158 

1 .28 

17 

20  cpm 

2 34 

247 

0.95 

18 

20  cpm 

307 

330 

0.93 

224 

20  cpm 

415 

569 

0.73 

22 

20  cpm 

461 

446 

1.03 

240 

20  cpm 

463 

492 

0.94 

26 

20  cpm 

784 

667 

1.18 

27 

20  cpm 

1629 

1 508 

1 .08 

29 

20  cpm 

5158 

10792 

0.48 

30 

20  cpm 

16215 

17263 

0.94 

234 

20  cpm 

19160 

1 5209 

1.26 

235 

20  cpm 

22364 

24390 

0.92 

239 

20  cpm 

28697 

15209 

1 .89 

24  S 

1/0 

1 71 

1 74 

0.98 

82 

2.09 

S 

1/0 

255 

226 

1.13 

126 

2.02 

10 

1/0 

257 

417 

0.62 

282 

0.91 

7 

1/0 

748 

591 

1.27 

408 

1 .83 

12 

1/0 

1289 

1579 

0.82 

1450 

0.89 

39 

1/0 

1 781 

1274 

1.40 

104  9 

1.70 

38 

1/0 

5013 

2716 

1.85 

2668 

1.88 

233 

1/0 

6519 

2158 

3.02 

2051 

3.24 

33 

1/0 

9609 

4063 

2.37 

4173 

2.30 

16 

1/0 

3093 

* * 

— 

— 

— 

237 

1/0 

16418 

2986 

5.50 

2977 

5.51 

228 

10/0 

481 

668 

0.72 

467 

1.03 

40 

10/0 

1705 

930 

1.83 

697 

2.45 

6 

0/1 

207 

168 

1.23 

11 

0/1 

209 

155 

1.35 

14 

0/1 

219 

236 

0.93 

8 

0/1 

413 

427 

0.97 

13 

0/1 

846 

1022 

0.83 

241 

0/1 

1940 

2022 

0.96 

238 

0/1 

4619 

2842 

1.63 

* PREDICTED  LIFE  VALUE  CALCULATED  USING  CYCLIC  CREEP  CP  LINE 

**  COULD  NOT  ACCURATELY  PARTITION 


TABLE  V 

BASELINE  DATA  CORRELATION  fcon’t.) 


SPEC 

TYPE 

Nf 

SPRED 

Nf/NPRED 

w* 

PRED 

Nf/N*PRED 

222 

0/10 

224 

581 

0.39 

41 

0/10 

283 

276 

1 .03 

1 

1/1 

156 

165 

0.95 

154 

1.01 

2 

1/1 

238 

273 

0.87 

259 

0.92 

32 

1/1 

358 

522 

0.69 

495 

0.72 

9 

1/1 

959 

699 

1.37 

727 

I .32 

15 

1/1 

1288 

1259 

1 .02 

1193 

1 .08 

229 

1/1 

28 

10/10 

115 

105 

1.10 

116 

0.99 

31 

10/10 

199 

144 

1 . 38 

1 55 

1 .28 

230 

10/10 

331 

450 

0.74 

451 

0.73 

* PREDICTED  LIFE  VALUE  CALCULATED  USING  CYCLIC  CREEP  CP  LINE 


TABLE  VI 

UNBALANCED  STRAIN  HOLD  TESTS  - PARTITIONED  DATA 


TEST 

TYPE 

, 1 

at  tot 

Ac  - 1 
in 

Ac  1 
tcPP 

. 1 
Accp 

, 1 
AcCC 

2 

°TEN 

Nf 

227 

10/1 

1 .40 

. 292 

.198 

.042 

.052 

144.0 

455 

223 

10/1 

1.20 

.158 

.113 

.025 

.021 

118.0 

945 

226 

1/10 

1 .40 

.221 

.158 

.009 

.054 

165.0 

349 

225 

1/10 

I . 20 

.162 

.114 

.006 

.042 

150.0 

464 

1J 

% TEST 

STRAIN 

2) 

KSI 

TABLE 

. VI  r 

INTERMEDIATE  STRAIN  HOLD 

TESTS  - PARTI TITIONED 

DATA 

TEST 

TYPE 

Ac  1 

Ac  tot 

1 A 1 

eHOLD  “e in 

. 1 
AtPP 

. 1 

Accp 

. 1 
ACpc 

2 

5 TEN 

Nf 

242 

i 1/0 

1 . 80 

♦0.80  .422 

.371 

.051 

.000 

163.0 

472 

244 

il/0 

1.60 

♦0.70  .266 

.227 

.039 

.000 

154.0 

447 

246 

i 1/0 

1.80 

♦0.70  .412 

.347 

.065 

.000 

170.0 

253 

247 

0/il 

1 . 80 

-0.70  .356 

. 298 

.000 

.0579 

172.0 

263 

1J 

i STRAIN 

2 J 

KSI 

TABLE 

VIII 

LOW  RATE  STRAIN  CYCLE  TESTS 

( .05  CPMJ 

- PARTITIONED  DATA 

SPEC 

, 4 

ac  tot 

&ein4 

fpp 

fCC 

5 

’ten 

Nf 

231 

1 . 84 

.450 

0.96 

.04 

161  .0 

110 

24 

1 . 74 

. 350 

168.0 

159 

20 

1.59 

.250 

161.0 

301 

25 

1 .46 

.180 

145.0 

282 

34  2 

1.30 

.120 

1 .00 

0.00 

137.0 

526 

193 

1.17 

.100 

1 .00 

0.00 

117.0 

1138 

1J  PARTITIONED  FROM 

RESULTS  OF  SPEC. 

249 

2 ) PARTITIONED  FROM 

RESULTS  OF  SPEC. 

250 

3 ) PARTITIONED  FROM 

RESULTS  OF  SPEC. 

248 

1 1 


TABLE  VIII 

LOW  RATE  STRAIN  CYCLE  TESTS  (.05  CPMJ  - PARTITIONED  DATA  (con ’ t . ) 


0.05  cpm 

20  cpm 

SPEC 

Ac  4 

in 

An  Tot 

5 

Ae  . 4 

in 

, 5 

AoTOT 

fCC 

249 

.450 

375 

.432 

373 

.04 

250 

.0  30 

336 

.035 

335 

.00 

248 

. 103 

346 

.136 

341 

.00 

4)  \ STRAIN 

5 J KS I 

TABLE  IX 

VARIABLE  RATE 

STRAIN  CYCLE 

- PARTITIONED 

DATA 

SPEC 

TYPE 

Ac  tot 

&tin 

fPP 

'■i 

°TEN 

Nf 

251 

FAST- SLOW 

1 .4 

.098 

. 88 

.12 

161.0 

636 

252 

SLOW- FAST 

1.4 

.066 

.88 

.12 

166.0 

194 

TABLE  X 

VERIFICATION  TESTS  - SRP  LIFE  PREDICTION 


SPEC 

TYPE 

N 

PRED 

Nf 

Nf/NpRpD 

227 

10/1 

302 

455 

1 .51 

223 

10/1 

616 

94  5 

1 .53 

226 

1/10 

4 00 

34  9 

0.87 

225 

1/10 

557 

464 

0.83 

242 

i 1/0 

287 

472 

I .64 

244 

il/0 

455 

447 

0.98 

246 

il/0 

286 

253 

0.88 

247 

0/il 

191 

263 

1.38 

23 

.05  cpm 

268 

110 

0.41 

34 

.05  cpm 

1290 

526 

0.41 

15 

.05  cpm 

1582 

1138 

0.  72 

251 

FAST- SLOW 

907 

636 

0.70 

252 

SLOW- FAST 

LIFE  PREDICTION 

1976 

TABLE  XI 

VALIDATION  TESTS 

194 

- STRESS/TIME  EQUATIONS 

0.10 

SPEC 

TYPE 

NPREI) 

Nf 

Nf/NPRED 

227 

10/1 

354 

455 

.78 

223 

10/1 

928 

945 

.98 

226 

1/10 

342 

349 

.98 

225 

1/10 

685 

464 

1.47 

242 

il/0 

481 

472 

1.02 

244 

il/0 

829 

447 

1 .85 

246 

il/0 

315 

253 

1 .24 

247 

0/il 

279 

263 

1 .06 

1 1-1  s 


(MPul 


Fig.  2.  Relationship  of  maximum  tensile  stress  to  inelastic 

strainrange  for  baseline  tests.  Best  fit  line  construc- 
ted for  20  cpm  data. 
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Comparison  of  NASA  PP  data  with  baseline  PP  relationship 
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Fig.  12.  Comparison  of  tensile  cyclic  creep  data  with  the  base- 
line CP  relationship,  and  construction  of  tne  cyclic 
creep  CP  line. 
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Fig.  13.  Summary  of  partitioned  s t rain  range  - 1 i fe  relationships 
for  Rene  95. 
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Fig.  14.  Comparison  of  observed  and  predicted  life  for  baseline 
tests. 


Fig.  15.  Comparison  of  observed  and  predicted  life  for  baseline 
tests  based  on  cyclic  creep  CP  line. 
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Fig.  18.  Comparison  of  observed  and  predicted  life  for  validation 
tests  based  on  baseline  SRP  relationships. 


Fig.  19.  Relationships  of  LCF  life  to  maximum  tensile  stress  for 
baseline  tests  with  different  hold  times  in  tension. 
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Fig.  21.  Comparison  of  verification  test  data  with  the  maximum  ten- 
sile s tress  - tens i le  hold  time  correlation  developed  for 
the  baseline  tests. 


Fig.  22.  Stressrange  versus  total  strainrange  for  20  cpm  and  0.05 
cpm  continuously  cycling  tests. 
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by 

Dr.-Inq.  Harald  Benner 

Industr ieanlaqen-Betr iebsqesel lschaf  t mbll 
Einsteinstrafle , HO 12  Ottobrunn,  Germany 


The  seven  papers  read  at  the  session  presented  new  test  results,  i.e.  strainranqe 
vs.  cyclic  life  relationship  for  numerous  materials,  experiences  with  test  techniques, 
and  interpretation  of  test  results  based  on  the  concept  of  strainranqe  partitioninq  (SRI'). 
Most  of  the  discussion  concerned  the  applicability  of  SRP  to  predictinq  hiqh-temperature 
low-cycle  behaviour.  Especially  the  papers  by  M.F.  Day  and  G.B.  Thomas,  and  by  J.M  Hyzak 
and  H.L.  Bernstein  demonstrated  that  SRP,  in  its  present  form,  cannot  always  be  success- 
fully applied.  So,  tension  hold  cycles  were  siqnif icantl y less  damaqinq  than  PP  cycles. 

In  this  case  the  values  of  N„p  calculated  from  the  interaction  rule  are  neqative.  - Tests 
have  shown  that  tensile  strain  hold  cycles  develop  lower  peak  tensile  stresses  than  do 
compressive  hold  cycles.  Furthermore,  the  material  response  is  such  that  larqer  shifts 
develop  in  the  maximum  stress  durinq  some  strain  hold  cycles,  than  in  cycles  without  hold 
periods.  It  is  suqqested  that  there  is  a direct  influence  of  the  maximum  stress  on  fatique 
life. 


On  this  point,  is  was  commented  that  cyclic  peak  tensile  stress  or  mean  stress  show 
different  effects  for  different  materials.  To  separate  these  important  effects  from  each 
other,  a crucial  type  of  test  was  proposed  in  which  maximum  tensile  stress,  or  mean  stress, 
could  be  controlled  and  other  stress  components  - such  as  stress  ranqe  - would  be  held 
constant.  - Nor  should  it  be  supposed  that  crack  propaqation  behaviour  could  explain  the 
observed  phenomenon.  The  low  fracture  touqhness  of  the  investiqated  alloy  Rene  95  will 
not  allow  much  cyclic  crack  propaqation.  Even  a tiny  flaw  miqht  result  in  a brittle 
fracture  condition. 

Other,  more  basic,  remarks  on  SRP  were  related  to  the  possible  number  of  parameters. 
Tryinq  to  use  SRP  over  a vast  ranqe  of  materials,  over  a vast  ranqe  of  temperatures,  over 
reqimes  where  the  mechanism  of  failure  chanqes,  over  the  staqe  of  crack  initiation  and 
propaqation  and  different  environmental  conditions,  it  could  not  be  expected  that  a sinqle 
universal  rule  applies.  The  SRP,  as  currently  formulated,  is  associated  with  eiqht 
independent  material  constants.  However,  with  the  introduction  of  further  constants  the 
method  would  be  cumbersome  to  handle. 

With  reqard  to  lifetime  prediction,  other  questions  were  asked:  What  can  be  con- 
sidered a qood  prediction,  a prediction  that  is  off  by  a factor  of  M,  i 2,  or  + 10  ? 

Do  any  experiences  exist  in  applyinq  SRP  to  component  tests? 

The  oriqinators  of  SRP  emphazised  that  this  particular  conference  was  devoted  to 
some  of  the  preliminary  investiqations  of  SRP  as  the  first  necessary  step  to  take.  Any 
method  should  first  correlate  laboratory  data.  Only  when  this  has  been  established,  and 
further  refinements  have  been  made,  the  method  should  be  checked  as  to  whether  it  can  be 
applied  to  components.  To  apply  it  too  quickly  could  be  disastrous. 

Accordinq  to  S.S.  Manson,  the  objective  of  the  conference  was  to  exchanqe  experiences 
in  the  application  of  SRP  in  order  to  point  out  the  ranqe  in  which  SRP  is  valid,  to  point 
out  limitations  and  consider  modifications  that  are  needed  to  make  it  more  valid.  - For 
example,  it  would  not  seem  very  difficult  to  add,  to  SRP,  a term  coverinq  the  effect  of 
mean  stress.  So,  the  ratio  of  maximum  stress  to  stress  ranqe  could  be  a suitable  measure. 

Another  point  of  discussion  concerned  the  problem  of  crack  propaqation.  Crack  pro- 
paqation should  be  considered  as  Important  as  crack  initiation.  It  is  necessary  to  know 
how  much  of  life  is  initiation,  and  how  much  is  propaqation.  Accordinq  to  S.S.  Manson, 
a method  for  predictinq  crack  propaqation  life,  similar  to  SRP  in  involvinq  four  propa- 
qation laws,  is  already  in  the  staqe  of  proposal. 

When  lookinq  for  alternatives  at  this  time,  the  question  arises  which  framework 
would  be  the  simplest  for  treatlnq  the  different  types  of  problems  and  which  would  be 
cumbersome.  It  is  believed  by  the  oriqinators  that  SRP  provides  a sounder  basis  for 
potential  modifications  than  other  methods  do. 
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Summary 


Strain-controlled  low-cycle  fatigue  tests  on  two  copper  alloys, 

NARloy  Z and  1/2  Hard  AMZIRC  were  performed  in  argon  at  538°C.  The  tests 
employed  symmetrical  triangular  strain-waveforms  at  strain  rates  from 
4 x 10-5  to  1 x 10'^sec'  in  addition  to  asymmetrical  strain-waveforms 
of  alternating  fast  and  slow  strain  rates.  Partitioned  strainrange  versus 
life  relationships  were  established  for  both  alloys  with  the  Atfp  component 
of  strain  being  identified  as  the  most  severely  damaging  in  each  case. 

The  relationships  for  NARloy  Z were  then  used  effectively  to  predict  fatigue 
life  values  for  hold-time  tests  and  for  other  tests  involving  asymmetrical 
waveforms . 
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INTRODUCTION 


UJ 


Reqenerati vely-cooled,  reusable-rocket  nozzle  liners  such  as  found  in  the  engines  of  the  Space  Shuttle, 
Orbit-to-Orbit  Shuttle,  Space  Tug,  etc.,  undergo  a severe  thermal  strain  cycle  during  each  firing.  To 
withstand  the  severe  cycles,  the  liner  material  must  have  a proper  combination  of  high  thermal  conductivity 
and  high  low-cycle  fatigue  resistance.  Copper-base  alloys  possess  these  desirable  qualities  and  for  this 
reason  a broad-based  NASA-Lewis/Mar-Test  program  was  initiated  in  1972  to  evaluate  several  candidate  alloys 
by  generating  the  material  property  data  that  are  required  for  the  design  and  life  prediction  of  rocket 
nozzle  liners. 

This  paper  deals  with  a portion  of  the  overall  program  that  focused  on  the  performance  of  a series  of 
strain-controlled  low-cycle  fatigue  tests  to  enable  the  partitioned  strainrange  versus  life  relationships 
to  be  determined  for  two  copper-base  alloys.  All  tests  were  performed  in  high-purity  argon  at  538"C  and 
the  results  obtained  at  various  strain  rates  were  used  in  the  identification  of  the  strainrange  relations 
for  plasticity  reversed  by  plasticity  and  creep  reversed  by  creep.  Then  an  asymmetrical  strain-waveform 
was  employed  involving  a low  strain  rate  during  the  tension-going  portion  of  each  cycle.  These  tests 
results  were  used  in  conjunction  with  the  PP  and  CC  lines  to  determine  the  strainrange  relationships  for 
creep  reversed  by  plasticity.  Similar  tests  with  fast-slow  cycling  enabled  the  strainrange  relation  for 
plasticity  reversed  by  creep  to  be  identified. 

These  partitioned  strainrange  versus  life  relationships  were  then  used  to  estimate  the  fatigue  life 
for  other  test  conditions.  Some  additional  slow-fast  tests  were  performed  along  with  some  hold  time  eval- 
uations and  the  measured  fatigue  life  values  were  then  compared  with  the  estimates  obtained  from  the  par- 
titioned strainrange  plots.  Excellent  agreement  was  noted  and  thus  the  strainrange  partitioning  concept 
was  found  to  be  an  effective  method  in  describing  creep-fatigue  interactions  fir  the  test  conditions  em- 
ployed in  this  study. 


MATERIAL 

Specimen  material  for  use  in  this  portion  of  the  program  was  supplied  by  NASA-Lewis  Research  Center, 
Cleveland,  Ohio.  A brief  description  of  the  two  materials  evaluated  within  this  effort  is  given  in  Table  1. 
fhe  specimen  design  shown  in  Figure  1 was  employed  in  all  tests. 

After  being  machined,  all  specimens  were  wrapped  in  soft  tissue  paper  and  placed  in  individual  hard 
plastic  cylinders  (about  9 cm  in  length  and  2.2  cm  inside  diameter).  The  ends  of  these  cylinders  were  then 
sealed  with  masking  tape  and  the  specimen  code  number  was  written  on  the  external  surface  of  the  cylinder. 
These  cylinders  were  used  for  storage  before  and  after  test. 

In  preparing  for  a test,  each  specimen  was  subjected  to  the  following: 

1)  the  specimen  was  washed  with  Freon  to  remove  any  surface  oils  which  might  have 
remained  after  machining; 

2)  a small  quantity  of  dilute  phosphoric  acid  was  applied  by  hand  to  the  complete 
surface  of  the  specimen;  this  removed  any  surface  oxides  and  any  machining  oil 
not  removed  by  the  cleaning  with  Freon;  this  operation  was  completed  within 

15  seconds; 

3)  the  specimen  was  rinsed  in  warm  water  and  dried  using  soft  absorbent  tissue; 

4)  the  specimen  was  then  subjected  to  a final  cleaning  with  Freon. 

TEST  PROCEDURE 

All  tests  were  performed  at  538°C  using  a servo-controlled,  hydraulically  actuated  fatigue  testing 
machine.  Threaded,  hourglass-shaped  specimens  were  mounted  in  the  holding  fixtures  of  the  test  machine 
using  special  threaded  adaptors.  These  tests  were  performed  in  high-purity  argon  gas  with  3000  ppm  of 
hydrogen  added  to  provide  a slightly  reducing  environment  for  additional  protection  of  the  specimens.  In 
order  to  perform  these  tests  in  this  argon  environment  (oxyqen  content  less  than  0.01  percent  by  volume) 
a cylindrical  containment  vessel,  made  of  pyrex,  was  positioned  between  the  holding  fixtures  of  the  fatigue 
machine  and  neoprene  low-force  bellows  at  either  end  provided  the  seal  to  enable  the  desired  gas  purity 
levels  to  be  maintained  throughout  the  test.  Side  outlets  (with  appropriate  seals)  on  this  containment  ves- 
sel provided  entrance  ports  to  accomodate  the  extensometer  arms  and  similar  side  outlets  provided  entrance 
ports  for  the  copper  tubing  leads  to  the  induction  coil.  In  addition,  special  ports  near  the  bottom  of 
the  containment  vessel  enabled  the  chromel -al umel  thermocouples,  used  for  specimen  temperature  measurement, 
to  be  routed  out  to  the  temperature  control  system.  Specimen  test  temperatures  were  attained  using  in- 
duction heating  and  this  was  provided  by  positioning  a specially  designed  induction  coil  around  the  test 
specimen  (see  Figure  2). 

All  force  measurements  were  made  using  a load  cell  mounted  within  the  loading  train  of  the  fatigue 
machine  and  specimen  strains  were  measured  by  using  a high  temperature  diametral  extensometer.  An  analog 
strain  computer  was  employed  which  allowed  the  diametral  strain  signal  to  be  used  in  conjunction  with  the 
load  signal  so  as  to  provide  an  Instantaneous  value  for  the  axial  strain  which  was  then  the  controlled 
variable  (1,2). 

DISCUSSION  OF  RESULTS 
NARlo_y  l All oy 

A series  of  low-cycle  fatigue  tests  of  this  alloy  was  performed  in  argon  at  538°C  and  at  various 
strain  rates  to  define  thp  fatigue  character) sties  summarized  in  the  Material  Data  Appendix.  Originally, 
the  intention  was  to  use  the  higher  strain  rate  data  to  generate  the  Ai pn-Npp  relationships  directly. 

This,  however,  proved  to  be  not  feasible.  The  extremely  low  cyclic  strain  hardening  exponent  exhibited  by 
the  material  at  538"C  indicated  that  a substantial  creep  component  was  probably  present  even  at  the  high- 
est strain  rate.  Further  evidence  of  this  can  be  obtained  from  Figures  3 and  4 which  contain  Ac»  vs  Nf 
and  Ac<nei.  vs  Nf  relationships  respectively.  The  results  at  various  strain  rates  are  shown  to  illustrate 
that  time  effects  were  present  during  all  of  the  tests.  Tests  at  even  hiqher  strain  rates  were  considered 
but  because  of  the  limited  response  characteristics  of  the  extensometer  used  in  this  program  it  was  con- 
cluded that  this  approach  could  not  be  employed. 

It  was  decided,  therefore  to  employ  an  Indirect  determination  of  the  PP  and  CC  characteristics . This 
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was  initiated  by  generating  a plot  of  the  cycles  to  failure,  at  a given  strainranqe,  versus  strain  rate  I 

as  shown  in  Figure  5.  At  each  strainrange  a tendency  toward  a saturation  fatigue  life  in  both  the  low 

and  high  strain-rate  regimes  is  assumed  similar  to  that  reported  previously  (3,4)  for  other  materials. 

Admittedly,  without  a great  deal  of  justification  at  this  point,  the  saturation  values  of  NrC  and  Npp  at  I 

the  total  strain  ranges  of  0.9%  and  2.6%  were  assumed  to  be  the  values  shown  in  Figure  5.  Corresponding  < 

values  of  Atcc  and  A> pp  were  not  directly  obtainable  since,  for  a given  strainrange,  the  inelastic  strain- 
ranqe changed  slightly  as  a function  of  strain  rate.  It  was  decided  therefore  to  just  use  the  value  of  the 
total  strainrange  for  the  values  of  Accc  and  Afpp  'n  preparing  the  strainranqe  partitioning  plots.  These 
results  were  then  used  to  position  the  PP  and  CC  lines  for  the  NARloy  7 alloy  as  shown  in  Figure  6. 

Slow-fast  and  fast-slow  strain  cycling,  in  accordance  with  the  strain  profiles  shown  in  Figure  7,  was 
employed  to  establish  the  CP  and  PC  partitioned  strainrange  versus  life  relationships.  During  the  slow 
straining  portion  of  the  cycles  a strain  rate  of  4xl0"^sec"'  was  employed  while  a strain  rate  of  IxlO'^sec'^ 
was  used  during  fast  straining.  A summary  of  the  results  obtained  in  these  tests  is  presented  in  the  * 

Material  Data  Appendix  (Specimens  Numbers  107,  108,  109  and  110)  to  indicate  that  the  slow-fast  cycling  is 
much  more  detrimental  than  the  fast-slow  cycling.  In  addition,  it  can  be  noted  that  a mean  compressive 
stress  develops  during  slow-fast  cycling  while  a mean  tensile  stress  is  seen  to  exist  in  the  fast-slow 
cycle. 

In  order  to  partition  the  strainranqes  involved  in  the  slow-fast  and  fast-slow  cycling,  the  creep  and 
plastic  strain  components  in  each  half  cycle  had  to  be  determined.  This  was  accomplished  using  Figure  5. 

For  a qiven  strainrange,  the  saturation  values  for  Nf  were  noted  and  used  for  Npp  and  Ncc  in  the  Interaction 
Damage  Rule  (3): 


pp  Fcc  1 

4-  s 

(1) 

W NCC 

PP  ('*Fpp)  1 

+ — — = — 

(2) 

!pp  Ncc  Nf 

Then  for  each  strain  rate  involved  (4xl0'^sec-'  and  lxlO'^sec"')  the  Nf  value  was  obtained  from  Figure  5 
and  used  to  solve  equation  (2)  for  the  corresponding  Fpp  and  FCP  fractions  for  the  continuous  cycling 
tests.  These  fractions,  for  the  individual  strain  rates,  were  then  assumed  to  apply  within  the  appropriate 
half-cycle  of  the  slow-fast  and  fast-slow  tests.  For  example,  at  a strainranqe  of  2.6%  and  a strain  rate 
of  lxlO'^sec'  the  Nf  value  for  continuous  cycling  from  Figure  5 is  350.  This  together  with  Npp-800  and 
NCri33  yields  Fpp=0.945  and  Fcc=0.055.  Similar  values  for  Fpp  and  Fcc  at  a strain  rate  of  4xl0'^sec'l  are 
0.82  and  0.18.  These  were  assumed  to  apply  at  2%  strain  range  for  the  analysis  of  the  slow-fast  test 
(4xl0*4sec'  Vlxl0~‘>sec*' ) at  this  strain  range.  Dealing  in  terms  of  total  strainrange : 

Ac  = 2.0% 


For  the  slow  strain  rate  portion  of  the  cycle  (tension-going): 


F 

F 


P 

c 


0.82 

0.18 


For  the  fast  strain  rate  portion  of  the  cycle  (compression-going): 


Fp  = 0.945 
fc  = 0.055 

Since  the  fully  reversed  plastic  and  creep  strain  fractions  (Fpp  and  Fcc)  must  be  equal  to  the  lesser  of 
those  same  fractions  in  tension  and  compression,  it  follows  that: 


Fpp  = 0.82 
Frr  = 0.055 

and  F^„  = 1-0.82-0.055 
or  f££  = 0.125 


From  the  Acpp  and  Aecc  lines  in  Figure  6 it  can  be  determined  that  Npp  and  Ncc  at  Ai=2.0%  are  1450  and  55 
cycles  respectively.  Therefore  using: 


'PP 


"PP 


Fcc  + fcp 

NCC  Ncp 


Nf 


and  substituting  the  values  above,  in  addition  to  Nf=66  cycles  for  this  test,  yields  Nc  =9  cycles.  Similar 

calculations  for  the  other  three  tests  led  to  the  determination  of  the  Ncp  and  Npc  versus  partitioned 

strainrange  relationships  as  shown  in  Figure  6.  . 

In  some  additional  slow-fast  testing  of  the  R-24  a 1 1 oy . the  strain  rate  of  lxlO'^sec"1  was  maintained 
for  the  fast  portion  of  the  cycle  while  rates  of  4xl0'®sec'l  and  7xl0"^sec‘^sec*’  were  employed  in  the 
tension-going  slow  straining  portion  of  the  cycle.  These  evaluations  led  to  the  results  summarized  in  the 
Material  Data  Appendix  and  presented  graphically  in  Figures  8 and  9.  These  interesting  comparisons  high- 
light several  important  considerations.  One  is  the  fact  that  slow-fast  cycling  of  this  material  at  the 
conditions  employed  is  much  more  detrimental  than  fast-slow  cycling.  Another  is  the  fact  that  the  fast-slow 
exposure  leads  to  a fatigue  life  that  is  not  significantly  different  from  that  observed  in  the  continuous 
cycling  tests  at  the  fast  (lxlO'^sec*' ) strain  rate.  In  other  words,  the  introduction  of  a strain  rate  of 

AxlO'^sec"'  into  the  compression-going  portion  of  the  cycle  led  to  a small  but  not  significant  reduction  in 

the  fatigue  life.  The  third  observation  made  in  connection  with  Figures  8 and  9 relates  to  the  continual 
reduction  in  fatigue  life  as  the  tension-going  strain  rate  is  decreased.  Based  on  a strain  range  of  0.50%, 
the  introduction  of  a tension-going  strain  rate  of  7xl0'°sec"'  leads  to  a fatigue  life  reduction  of  more 
than  two  orders  of  magnitude  based  on  the  use  of  a strain  rate  of  lxl0"2sec*'  throughout  the  cycle. 


*1 

'1 
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Predl  ctlon  of  Res uUs 


In  addition  to  those  tests  used  to  determine  the  partitioned  stralnrange  versus  life  relationships 
quite  a few  additional  low-cycle  fatigue  tests  of  various  types  were  performed  for  the  NARloy  Z material. 
These  tests  employed  constant  strain  rates  In  some  evaluations  and  slow-fast  and  fast-slow  strain  rates 
In  other  evaluations;  some  other  evaluations  employed  hold-period  type  waveforms.  Strain  ranges  varied 
from  0.5%  to  3.5%,  strain  rates  from  1x10  sec”'  to  7xl0'®sec'^,  and  In  the  hold-period  tests  a dwell  of 
300  seconds  was  employed  In  each  cycle.  The  total  life  regime  studied  was  from  16  cycles  to  about  14,000 
cycles.  It  was  obviously  desirable  to  be  able  to  predict  these  results  by  using  the  partitioned  strain- 
range  life  relationships  of  Figure  6. 

One  problem  encountered  In  these  predictions  was  the  partitioning  of  the  strains  In  tests  at  strain 
ranges  (and  waveforms)  other  than  those  used  to  generate  the  fatigue  life  versus  strain  rate  curves  of 
Figure  5.  To  overcome  this  difficulty  the  0.9%  and  2. fit  data  were  used  to  produce  the  Fpp  versus  cycle 
period  curves  shown  in  Figure  10.  The  suggestion  Is,  therefore,  that  the  cyclic  period,  at  least  for  the 
continuous  cycling  tests  on  this  material,  can  be  used  to  estimate  the  Fpp  fraction  of  strain,  and  that 
this  relationship  Is  essentially  Insensitive  to  strain  range  over  a fairly  large  regime.  This  figure, 
along  with  Figure  6 was,  therefore,  used  to  estimate  the  lives  of  all  of  the  tests  on  this  material  except 
those  used  In  the  generation  of  these  two  flqures.  The  procedure  used  can  best  be  explained  with  the  aid 
of  sample  calculations  made  for  each  type  of  test  conducted. 


Con 1 1 nuous  Cycl  1 n Tests 


Sped  men  102 ; hi  =2.0%,  i - 2x10  sec  , N,  * 635  cycles,  cycle  period  = 20  seconds; 
So,  from  Flqure  10,  Fpp  - 0.895  and  therefore  F * 0.105; 

From  Figure  6 at  At  - 2.0*  cc 

Npp  1 1450  cycles  and  N = 55  cycles 
The  re  fore : 


or: 


0.895  . 0.105  1 

TW  ~5§ 

8^  (predicted)  1 396  cycles 


Slow-fast  Tests 


Specimen  111;  At  « 3.0%,  ften,  = 
^comp.  * 
Nf  - 

From  Figure  10  the  plastic  strain 
(period)  * 150  sec.  when  based  on 
0.19.  These  are  defined  as: 


4xl0’*sec  ! 

1x10  sec" 1 
35  cycles 

-4  - 1 

fraction  associated  with  the  tension-going  strain  rate  of  4x10  sec 
a complete  cycle  at  that  rate)  is  0.81  and  the  creep  strain  fraction  Is 


Tension-going 
Fp  - 0.81 
and  Fc  * 0.19 

-2  -1 

Similarly,  for  the  compression-going  strain  rate  of  1x10  sec  , 


Compression-going 
Fn  = 0.936 
Fp  - 0.064 

Therefore: 

Fpp  * 0.81 
Fjc  * 0.064 
and  Fcp  ■ 0 . 126 

From  Figure  6 the  corresponding  life  values  at  Ac  * 3.0%  are: 

Npp  » 600  cycles 
Ncc  * 25  cycles 
Ncp  * 5 cycles 


and  0JU  0,064  0,126  1 

600  25  5 * Nf 

or: 

(predicted)  » 34  cycles 

Fast-slow  tests  are  predicted  In  a similar  manner. 

Hold- Period  Tests 


Specimen  40;  300  sec.  hold  In  tension 


no-hold 


2x10  ^sec  ' 


Ac  * 2.6% 

« 75  cycles 


Assuming  a cycle  period  exclusive  of  the  hold-period  of  26  seconds,  Fpp  from  Figure  12  Is  0.885.  A known 
component  of  Ai  cp  exists,  however,  which  Is  equal  to  Aot  divided  by  F or  for  this  test  0.077%.  The  strain 
components  are  then  computed  using  the  assumption  that  the  total  strain  range  is  inelastic. 


Aipp  • 

Ai  cp  * 
AfCC  " 


(0.885)  (2. 6%-. 077%)  * 2.233% 
0.077% 

2.6%-2.233%-0.077%  ■ 0.290% 


2 .6%-2.233%-0 .077% 
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and 


' PP 


'cp 


2.233 
= T.T“  = 
0.290  . 
2.6  ' 

= 0.077  - 
2.6' 


0.859 

0.111 

0.030 


From  Figure  6 the  life  values  for  the  various  strain  components  at  2.6%  are: 

N„„  = 800  cycles,  N,.,.  = 33  cycles  and  Nrn  = 6.2  cycles. 
Therefore:  pp  CC  P 


or: 


0.859  0,111  0.030  _ 7 
800  *33  6.2  ' Nf 

Nf  (predicted)  = 108  cycles 


A comparison  between  the  predicted  and  observed  lives  is  shown  in  Figure  11.  The  agreement  is  within 
a factor  of  2 in  all  cases. 

At  this  point  it  might  be  fitting  to  corrment  on  the  validity  of  the  original  assumptions  for  saturation 
values  of  Ncc  and  Npp  of  Figure  6 upon  which  the  partitioned  strainrange-1 i fe  relationships  were  based. 

It  might  be  asked  whether  the  excellent  agreement  between  predicted  and  observed  lives  justifies  the  assump- 
tions or  whether  other  reasonable  assumptions  would  produce  equally  good  results.  The  latter  is  probably 
more  correct.  Companion  calculations  have  indicated  that  when  completely  different  saturation  values  for 
Ncc  ar.d  Npp  are  chosen  outside  the  range  of  the  existing  data,  the  partitioned  strainrange-1  i fe  relations 
are  different  as  are  the  Fpp  vs  cycle  period  curves.  The  new  relationships  and  curves  are  still  effective, 
however,  and  lead  to  predictions  that  are  just  as  accurate  as  those  based  on  the  original  assumptions. 


1/2  Hard  Amzirc  Copper  Alloy 

Test  results  for  this  alloy  are  summarized  in  the  Material  Data  Appendix  and  encompass  the  same  types 
of  evaluation  performed  for  NARloy  Z.  The  Amzirc  material  presented  much  the  same  type  of  problem  en- 
countered with  the  first  alloy  tested  in  this  program  in  that  extensive  amounts  of  creep  component  were 
present  in  all  the  conti nous  cycling  tests.  As  a result  the  same  indirect  approach  used  in  evaluating  the 
PP  and  CC  components  was  employed.  This  plot  of  Nf  versus  strain  rate  is  shown  in  Figure  12  and  this  led 
to  the  PP  and  CC  lines  positioned  in  Figure  13. 

In  an  attempt  to  obtain  more  information  on  the  effect  of  the  CC  type  of  inelastic  strain  the  special 
cycle  shown  in  Figure  14  was  employed.  These  tests  involved  inelastic  strain  limits  of  1%  in  tension  and 
compression,  1 . 5%/ 1 . 5%  and  2.0%/2.0%  with  a ramp  stress  rate  of  about  100  MN/m?  per  second  but  the  fatigue 
life  values  were  essentially  the  same  as  those  noted  for  continously  cycling  strain-controlled  tests  at 
similar  strain  ranges.  These  observations  supported  the  conclusion  reached  earlier  that  the  inelastic 
strains  encountered  in  the  continous  cycling  tests  contained  a large  portion  of  creep  component. 

Fast-slow  and  slow-fast  cycling  (lxl O-^  and  4xl0"^sec~l)  of  the  type  shown  in  Figure  7 was  employed  to 
generate  PC  and  CP  components  in  accordance  with  the  approach  described  for  NARloy  Z tests.  These  tests 
led  to  the  PC  and  CP  lines  shown  in  Figure  13  and  as  noted  for  NARloy  2 the  slow- fast  cycling  was  more 
detrimental  than  any  other  type  of  cycling.  A unique  problem  emerged  in  the  tests  of  the  Amzirc  alloy  in 
that  a dimensional  instability  (barrelling)  was  noted  that  was  particularly  pronounced  in  fast-slow  cycling 
tests  and  also  in  tests  with  a hold  period  in  compression.  For  this  reason  the  PC  line  in  Figure  13  could 
not  be  accurately  established. 


CONCLUSIONS 

Strain-controlled  low-cycle  fatigue  tests  of  NARloy  Z and  1/2-Hard  Amzirc  were  performed  in  argon 
538°C  and  led  to  the  definition  of  the  partitioned  strainrange  versus  life  for  these  materials.  For  both 
alloys  a substantial  creep  component  was  always  present  for  the  cyclic  conditions  employed  and  limitations 
on  extensometer  response  characteristics  precluded  the  use  of  strain  rates  high  enough  to  eliminate  the 
creep  component.  As  a result  the  PP  and  CC  strainrange  versus  life  relationships  could  not  be  identified 
directly.  An  indirect  approach  was  employed  based  on  an  assessment  of  saturation  limits  on  Nf  in  the  very 
low  and  very  high  frequency  regimes.  Fast-slow  and  slow-fast  cycling  was  then  employed  to  identify  the  PC 
and  CP  relationships.  The  effectiveness  of  the  partitioned  strainrange  versus  life  relationships  for 
NARloy  Z was  evaluated  by  using  this  plot  to  predict  the  fatigue  life  for  tests  not  included  in  the  estab- 
lishment of  the  lines  for  the  partitioned  strainranges.  These  comparisons  were  very  impressive  and  demon- 
strate that  the  strainrange  partitioning  concept  is  a valuable  tool  for  estimating  the  low-cycle  fatigue 
behavior  of  the  alloys  studied  for  the  test  conditions  imposed. 

Slow-fast  cycling  proved  to  be  much  more  detrimental  than  fast-slow  cycling  for  the  materials  involved. 
For  NARloy  Z at  a strainrange  of  0.50%,  slow-fast  cycling  at  7xl0~6/lxl0'2  leads  to  a fatigue  life  reduction 
of  more  than  2 orders  of  magnitude  compared  to  continuous  cycling  results  at  lxlO'^sec'l. 
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Table  1 - Description  of  the  Materials  Evaluated  in  this  Study 


Material  _ Description 

AM/IRC  Copper,  1/2  Hard  Billet  size  of  20.3  cm  diameter  by  63.5  cm  (8“  x 25") 
(0.2%  Zr,  0.002%  N1 , in  length;  extrusion  temperature  of  960°C;  extruded 
0.002%  Fe)  to  2.7  cm  (1.06")  diameter  rod  and  water  quenched 

after  extrusion;  drawn  to  50%  hard  in  two  passes  to 
2.2  cm  (0.87")  and  then  1.9  cm  (0.75")  diameter; 
stress  relief  by  springing;  aged  at  420°C  in  crarked 
natural  gas  atmosphere  and  then  straightened  and  cut 
to  91  cm  ( 36“ ) lengths. 


NARloy  Z A copper-base  alloy  developed  by  North  American 

(3%  Au,  0.5%Cr)  Rockwell  and  was  furnished  in  centri fugal ly  cast 

form  and  had  been  hot-rolled,  solution  annealed  and 
aged.  Material  was  furnished  in  the  form  of  a rect- 
angular bar,  23.2  cm  long  x 5.1  cm  x 4.1  cm  (9.12" 
x 2"  x 1.6"). 
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SUMMARY 

In  the  present  study,  the  SRP-method  is  applied  at  T1-6A1-4V  in  a temperature  ranqe 
where  siqnificant  creep  occurs  (400  °C) . From  the  tests  with  HRSC,  TCCR  and  UCCR  cycle 
types  it  has  heen  determined  that  the  TCCR  and  CC’CR  cycles  lead  to  alterations  in  the 
mean  stress  level  and  that  the  CCCR  type  reduces  the  crack  initiation  life  s iqni f leant ly . 
The  predictions  of  the  SRP  method  for  complex  cycles  coincided  well  with  the  correspond- 
inq  test  results,  when  the  test  durations  for  the  HRSC,  TCCR,  CCCR  and  for  the  complex 
cycles  remained  of  the  same  order  of  maqnitude.  When  the  testlnq  time  with  complex  cycles 
siqnificantly  increased  a deviation  was  observed.  Some  possible  explanations  for  the 
observed  behaviour  are  qiven. 


1.  INTRODUCTION 

tllqh  strenqth  Titanium  alloys  attain  an  increasinq  importance  as  construction  materials 
for  qas-turbine  compressors.  Because  there  is  still  a considerable  lack  of  knowledqe  about 
the  damaqe  accumulation  under  loadinq  conditions  where  an  Interaction  of  fatique  and  creep 
occurs,  the  Titanium  alloys  are  usually  used  today  at  stresses  and  temperatures  which  lay 
far  below  the  actual  capabilities  of  the  materials  in  order  to  avoid  any  risk  of  failures 
in  service.  The  Stralnrange  Partitioning  (SRP)-method  as  originally  proposed  by  Manson, 
llirschberq,  Halford  et  al.  Ml  offers  a basis  for  crack  initiation  life  predictions  under 
arbitrary  loadinq  conditions.  In  the  present  paper  the  SRP-method  is  applied  at  the  Titanium 
alloy  T1-6A1-4V. 

In  order  to  investigate  the  ranqe  in  application  of  tl^e  SRP-method  under  severe 
conditions  the  test  temperature  was  chosen  high  above  150  °C . (The  latter  temperature  is 
usually  not  exceeded  for  engineering  applications  of  the  Ti-6A1-4V  alloy  at  present.) 

Because  high  temperatures  and  mechanical  treatments  can  lead  to  considerable  changes  in 
the  microstructurai  condition  of  a material  and,  with  that,  to  siqnificant  differences  in 
the  mechanical  properties,  the  microstructure  was  carefully  observed  with  a light-  and 
with  a scanning  electron-microscope. 

The  test  program  included  the  test  series  to  generate  the  basic  partitioned  straln- 
ranqe life  relations,  and  to  determine  the  tensile  and  creep  properties  of  the  material 
as  well  as  tests,  where  comparisons  between  the  predictions  by  the  SRP-method  and  the 
actual  fatigue  life  behaviour  could  be  performed.  Unfortunately,  the  long  duration  of  the 
tests  and  the  time  available  for  the  present  test  program  put  some  severe  limitations  on 
the  extent  of  the  program.  That  was  the  reason,  why  the  number  of  tests  with  complex  creep- 
fatigue  cycles  could  not  be  further  Increased  and  that  additional  tests  for  the  determina- 
tion of  the  scatter  in  the  high  temperature  low  cycle  fatigue  properties  were  not  always 
possible . 

A.  MATERIAL,  TENSILE  AND  CREEP  PROPERTIES 

For  the  test  program  the  Ti6~4  alloy  was  used  in  the  as  received  condition.  The 
chemical  composition  of  the  material  is  given  in  Table  1 ? Fig,  la  shows  the  microstructure 
of  the  T16-4  alloy.  It  is  of  the  u+((  type  and  exhibits  an  equiaxed  3-phase.  For  a continu- 
ous check  of  the  microstructure  small  cylindrical  plates  were  taken  from  the  bars  between 
every  two  specimens.  These  checks  revealed  some  variations.  An  example  of  an  extreme 
deviation  from  the  normally  observed  microstructure  shows  Fig,  1b. 

In  the  present  study  no  additional  Lhermomechan ica 1 treatments  were  performed  on  the 
T16-4  alloy. 

The  tensile  properties  of  the  material  are  summarized  in  Table  2"  for  room  temperature 
as  well  as  for  the  test  temperature  (450  °C) . In  Fig,  2 the  magnitude  of  the  Young's 
modulus,  E,  of  the  monotonic  yield  strength,  <)yS,  and  of  the  fracture  ductility,  Dp,  at 
i three  different  temperatures  (room  temperature,  350  °C,  450  °C)  are  shown.  F 1 q . ■ 3 shows 

the  experimentally  determined  inonotonic  stress-strain  curve  and  the  cyclic  stress-strain 
curve  at  450  °C. 

For  the  characterization  of  the  creep  behaviour  of  the  T16-4  alloy  at  450  °C , creep 
rupture  tests  were  performed.  The  test  temperature  was  measured  using  PtRh-I’t  thermo- 
couples and  remained  constant  within  1 % during  the  tests.  The  results  of  the  creep  tests 
are  shown  in  Fig.  4a  and  4b. 
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To  get  a further  insight  in  the  scatter  of  the  creep  behaviour  5 tests  were  performed 
with  the  same  loading  conditions.  The  results  of  the  test  series  are  shown  in  Fig.  5 . It 
can  be  seen  that  there  is  a considerable  scatter  in  the  rupture  times.  Fig.  6 shows  the 
creep  rupture  life  data  as  derived  from  the  creep  test  results  in  Fig.  3 and  Fig.  5. 

Because  of  the  observed  scatter  in  the  creep  behaviour  extrapolations  to  higher  creep 
rupture  lives  are  highly  inaccurate. 

For  a further  characterization  of  the  creep  behaviour  Fig . 7 shows  the  observed  creep 
ductility,  Dc,  and  also  the  engineering  (longitudinal)  strain,  e,  at  fracture. 

In  addition  to  the  creep  tests  the  microstructure  of  the  T16-4  alloy  was  observed. 

Of  special  interest  was,  if  changes  in  the  microstructure  occured  as  a function  of  the 
duration  of  the  creep  tests  and  if  there  were  any  correlations  between  the  microstructural 
appearance  and  the  scatter  observed  in  the  creep  tests.  Fig.  8a  shows  scanning  electron 
microscope  photographs  of  the  ((-phase  at  the  beginning  of  the  creep  tests  and  Fig.  8b 
after  a test  duration  of  200  hours.  It  can  be  seen  that  the  appearance  of  the  ((-phase 
changed:  the  microstructure  behaved  unstable  at  the  test  temperature  of  450  °C.  In  Fig.  9 
light  microscope  photographs  of  the  undeformed  material  at  the  beginning  of  the  creep 
tests  and  of  the  deformed  material  in  the  vicinity  of  the  crack  after  final  failure  in  the 
creep  test  are  shown.  The  fl-phase  in  the  fracture  area  elongated  during  the  test  by  a 
factor  of  about  4.  The  magnitude  of  the  elongation  depended  on  the  creep  rupture  time 
(comp.  Fig.  4)  and  increased  as  the  test  duration  increased. 

A correlation  between  the  scatter  in  the  creep  tests  (comp.  Fig.  5)  and  specific 
microstructural  phenomena  could  not  be  observed. 

3.  SPECIMEN  AND  TESTING  EQUIPMENT 

In  Fig.  10  the  specimen  for  the  low  cycle  fatigue  tests  is  shown.  It  exhibits  ridges 
for  the  mounting  of  the  strain  extensometer . In  order  to  achieve  a uniform  microcrack 
initiation  in  the  tests,  the  gage  length  of  the  specimen  has  a slightly  curved  shape  and 
was  carefully  polished  before  each  test. 

The  fatigue  tests  were  performed  in  a 100  kN  servohydraulic  testing  machine  (Type 
Schenck  Hydropuls) . The  tests  without  any  hold  times  were  performed  in  the  strain  control 
mode.  In  the  tests  with  hold  times  the  machine  was  operated  in  the  load  control  mode, 
whereby  the  strain  limits  were  adjusted  and  controlled  by  a specially  developed  electronic 
device  which  triggered  a function  generator  (Type  DANA  Model  336) . The  strains  were  measured 
with  the  extensometer  shown  in  Fig.  1 1 . 

A three-zone  resistance  furnace  was  used  for  the  heating  of  the  specimens.  For  the 
temperature  control  a CrNi-Nl  thermocouple  was  mounted  on  the  specimen  by  spot-welding. 

The  temperature  variations  during  the  test  remained  within  1 %. 

During  the  tests  the  following  data  were  registrated  on-line: 

load  and  strain  as  a function  of  the  testing  time  with  a two- channel  X-t  plotter 

the  load  vs.  strain  hysteresis  behaviour  with  a X-Y  plotter.  In  order  to  achieve 
clearly  visible  plots  of  the  hysteresis  behaviour  each  loop  was  electronically 
shifted  by  a fixed  amount. 

temperature  as  a function  of  time  with  a second  X-t  plotter. 

4.  GENERATION  OF  THE  BASIC  DATA  FOR  THE  SRP-METHOD 

For  the  generation  of  the  basic  data  for  the  application  of  the  SRP-method  test  series 
were  performed  with  the  following  types  of  strain  cycles  I 21: 

high  rate  strain  cycles  with  merely  plastic  deformations  (HRSC-cycles) 

strain  limited  cycles  with  creep  period  in  tension  (TCCR-cycles) 

- strain  limited  cycles  with  a creep  period  in  compression  (CCCR-cycle) 

strain  limited  cycles  with  equal  portions  of  creep  in  tension  as  well  as  In 
compression  (BCCR-cycle) . 

Three  failure  criteria  were  considered: 

- N : that  cycle  number  where  the  first  decrease  in  the  stress  range  after  stabiliza- 

tion was  observed  in  the  strain  controlled  cycles 

N^ : the  cycle  number,  where  a decrease  in  the  stress  range  of  5 * compared  to  the 
stable  hysteresis  loops  in  the  tests  occured 

Nf:  the  cycle  number  at  final  failure. 

In  Fig.  12  the  hysteresis  behaviour  in  the  tests  with  the  different  types  of  strain 
cycles  is  shown.  The  following  phenomenon  shall  be  specially  pointed  out:  in  the  course 
of  the  tests  with  TCCR-  and  CCCR-cycles  a m"an  stress  builds  up,  whereas  in  the  tests 
with  the  HRSC-  and  the  BCCR-cycles  the  mean  stress  remains  close  to  zero.  In  the  tests 
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with  the  TCCK-cycles  the  mean  stress  is  compressive  and  in  tests  with  the  CCCR-cycles  it 
builds  up  in  the  tension  direction.  Further  on  it  was  observed  that  in  the  tests  where 
lower  total  strain  ranges  were  applied,  the  decrease  or  the  increase  in  the  mean  stress 
were  more  pronounced.  The  observed  mean  stress  variations  are  shown  in  Fig . 13. 

Fig.  14  shows  the  exper imental iy  determined  crack  initiation  life  behaviour  as  a 
function  of  the  total  inelastic  strain  applied  in  the  tests. 

For  the  SRI'-method  the  N0,  N5  and  N,  (life)  values  have  to  be  evaluated  from  the  test 
results  following  the  procedure  as  described  in  detail  in  |2|  and  to  be  plotted  as  a func- 
tion of  the  inelastic  strain  ranges  for  the  pp-  as  well  as  for  the  cp-  and  the  pc-  and  the 
co-components  of  the  inelastic  strain  ranges.  Fig,  15  shows  the  partitioned  strain  range- 
life  relations  for  the  T16-4  alloy.  (In  Table  3 further  details  of  the  tests  are  given.) 
When  the  four  curves  are  compared  it  can  be  seen  that  there  are  only  small  differences 
between  the  curves  for  the  pp- , cp- , and  cc-components  of  the  inelastic  strain  ranges. 

In  the  case  of  the  pc— component , however,  a significant  decrease  in  life  takes  place.  A 
reasoning  for  this  behaviour  can  be  seen  in  the  development  of  the  tensile  mean  stress 
during  the  tests,  as  already  mentioned  before  (comp.  Fig.  13). 

The  durations  of  the  tests  for  the  determination  of  the  basic  data  for  the  BRP-method 
as  described  in  this  section  were  between  0.5  and  200  hours. 

5.  APPLICATION  OF  THE  SRP- METHOD  AND  DISCUSSION  OF  THE  RESULTS 

Because  of  the  reasons  mentioned  in  section  1 and  some  delays  in  the  performance  of 
the  test  series  due  to  various  technical  difficulties,  the  remaining  testing  time  for  the 
tests  with  complex  cycles  and  variations  in  temperature,  where  the  prediction  capability 
of  the  SRP-method  could  be  examined,  was  limited.  That  was  the  reason  why  the  test  program 
had  to  be  carefully  designed.  The  intention  was  to  cover  a range  in  test  durations  from 
the  testing  times  as  they  were  required  for  the  tests  for  the  generation  of  the  basic  SRP 
data  as  well  as  much  longer  testing  times.  The  test  program  with  5 different  types  of 
complex  cycles  is  shown  in  Table  4 . During  the  tests  mean  stresses  built  up  analogous  to 
the  behaviour  as  it  was  already  observed  in  the  tests  with  the  CCCR-  and  TCCR-cycles. 
(Larger  creep  strains  in  the  tension  direction  than  in  the  compression  direction  caused 
a compressive  mean  stress  and  vice  versa.)  The  Ns-value  observed  in  the  tests  are  given 
in  Table  4. 


For  the  fatigue  life  prediction  of  the  SRP-method  the  following  equation  is  used  ] 2 1 : 
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Fig.  16  shows  a comparison  of  the  predicted  and  of  the  actual  life  data  as  observed 
in  the  tests  with  the  complex  cycles.  It  can  be  seen  that  the  data  agree  well  within  a 
factor  of  about  2 except  for  one  test.  The  testing  time  for  this  test  was  about  1100  hours 
and  considerably  exceeded  the  duration  of  the  tests  for  the  generation  of  the  basic  data 
for  the  SRP-method.  A further  test  with  the  same  loading  conditions  could  not  be  performed 
within  the  time  available  for  the  present  program.  However,  because  repeated  re-examina- 
tions  of  the  testing  conditions  and  of  the  specimen  gave  no  indications  for  any  errors  or 
other  disturbances,  the  low  crack  initiation  life  (compared  to  the  prediction  of  the  SRP- 
method)  must  be  accepted  as  a correct  value. 


Upon  various  considerations  the  following  possible  causes  for  the  observed  behaviour 
were  found: 


a change  in  the  microstructure  of  the  T16-4  alloy  due  to  the  extremely  long  testing 
time.  The  changes  can  include  modifications  of  the  8-phase  similar  to  those  as  they 
were  observed  in  the  creep  tests  (Fig.  8)  and  which  may  be  accelerated  due  to  the 
cyclic  loading.  Because  of  the  long  hold  times  per  cycle  precipitation-,  diffusion-, 
and  recovery-processes  may  also  take  place. 

the  influence  of  the  environment  on  the  processes  at  the  specimen  surface,  especially, 
the  Influence  of  oxygen,  which  is  stronger  the  longer  the  hold  time  per  cyle  in  a 
test  is  and  the  longer  the  test  lasts.  The  oxygen  layers  built  up  at  the  specimen 
surface  usually  show  a brittle  behaviour  which  favour  the  formation  and  also  the 
extension  of  microcracks.  Besides  that  a more  intensive  penetration  of  the  oxygen 
into  the  material  regions  below  the  specimen  surface  can  occur  in  a long  running  test. 
To  get  a more  qualified  insight  in  the  environmental  effects  an  artificial  oxygen 
layer  was  generated  at  the  surface  of  a specimen  by  annealing  it  at  800  °C  in  air. 

The  same  heat  treatment  was  performed  on  another  specimen  in  vacuum  to  maintain  a 
similar  microstructure  of  the  bulk  material.  The  test  results,  where  the  same  HRSC- 
cycles  were  applied  in  the  tests  showed  that  the  specimen  with  the  artificial  oxygen 
layer  failed  at  a lower  cycle  number.  In  order  to  avoid  possible  additional  influ- 
ences of  variations  of  the  hydrogen  content  during  the  heat  treatment  on  the  test 
results,  further  tests  are  planned  to  be  performed  with  an  artificial  oxygen  layer 
generated  at  450  °C. 


the  different  mechanical  environment  due  to  the  longer  action  of  the  force  at  the 
specimen  during  the  tests.  Tension  stresses  in  connection  with  a corrosive  environ- 
ment initiate  and  favour  stress  corrosion  cracking  processes  in  the  Ti6-4  alloy. 
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For  a quantitative  evaluation  of  these  influencing  factors  further  systematic 
investigations  are  necessary. 


Besides  the  afore  mentioned  prediction  capability  of  the  SRP-concept  was 
considered  for  two  further  cases. 

Table  4 and  Fig.  16  show  the  test  results  and  the  SRP-method  predictions,  when  the 
test  temperature  is  increased  to  550  °C.  Both,  the  test  results  and  the  predictions 
based  on  the  data  shown  in  Fig.  15  agree  well. 

Additional  strain  controlled  tests  without  any  hold  times  were  run  at  300  °C.  It 
came  out  that  the  ductility  normalized  life  relationship  given  in  13,  4|: 


N 


PP 


(CAe  /D  ) 
PP  P 


k 


(C,  k constant  and  exponent,  respectively)  could  be  applied  to  represent  the  experi- 
mentally determined  crack  initiation  life  data  at  both  temperatures. 

6.  CONCLUSIONS 


The  present  study  was  designed  to  get  more  insight  in  the  possibilities  to  charac- 
terize the  crack  initiation  life  behaviour  of  T16-4  at  temperatures  higher  than  they  are 
tolerated  today  for  practical  design  purposes.  The  investigations  showed  that  the  creep 
behaviour  of  the  technical  T16-4  alloy  exhibited  an  extremely  large  scatter  at  450  °C. 
When  the  SRP-method  was  applied  to  predict  the  crack  initiation  life  behaviour  in  tests 
with  various  complex  cycles,  a good  correlation  between  the  experimentally  determined  and 
the  predicted  data  was  observed,  except  in  one  case.  Further  investigations  to  find  a 
satisfactory  explanation  for  this  discrepancy  could  not  be  performed  because  of  limita- 
tions in  the  time  available  for  the  present  program.  Additional  investigations  will  be 
performed  at  DFVLR. 
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A1 

V 

Fe 

C O 

N 

H 

Ti 

6.4 

4.1 

.08 

.026  .127 

.01 

.0083 

Balance 

Table 

Chemical 

composition  of 

the  material 

Test  temperature,  °C 

20  3 

450  , 

Modulus  of  elasticity,  MPa 

106  x lO 

89.1  x lO 

Yield  strength,  MPa 

1046 

637 

Ultimate  strength,  MPa 

1069 

729 

Reduction  of  area,  » 

42 

49.1 

Table  2 : Tensile  properties 


RATE  DATA  & STRESSES 


HATE  DATA  (HALF-LIFE  VALUES)  STRESSES  (HALF- LI  FI.  VALUES)  MI  A 


SPEC 

NO 

TEST 

TYPE 

TEMP-  C 

TEN/ COMP 

FREQ 

HZ 

STRAIN-1 

TEN^  _ 

HATE- % /SEC 

COMP 

HOLD  TIME -SEC 

TEN  COMP 

TEN 

MAX 

COMP 

MAX 

HANOI. 

MAX 

RELAXATION 

TEN  COMP 

CYCLIC  STRAIN 

HARDEN  I NO  > 

194/06 

UCCR 

350/450 

1 .0E-01 

5.6E-01 

5.6E-01 

6.0 

9.0 

540.0 

519.1 

1059. 1 

0.0 

0.0 

-8.27 

1 90/ 1 4 

UCCR 

450/450 

1 . OE-OI 

9.6E-01 

8 . 4E-01 

2.0 

8.4 

594.9 

565.2 

1 1 60 . 1 

0.0 

0.0 

-8.  32 

1 90/0r> 

UCCR 

450/450 

1 .OE-OI 

6. 3E-01 

5 . 1 E-0 1 

15.0 

510.0 

650.6 

545.6 

1196.2 

o.o 

0.0 

-5.14 

190/01 

UCCR 

450/450 

5.0E-02 

7. OE-OI 

7.  OE-OI 

4.5 

19.2 

624.6 

645 . 4 

1 270.0 

0.0 

0.0 

-10.29 

194/07 

TCCR 

450/450 

1 .OE-OI 

5.9E-01 

5.5E-01 

420.0 

0 

379.8 

849.7 

1229.5 

0.0 

0.0 

1 .0  3 

069/16 

TCCR 

450/450 

1 .OE-OI 

8.2E-01 

8.4E-01 

990.0 

0 

567.6 

10  31  .6 

1 599 . 2 

0.0 

0.0 

10.  29 

069/25 

TCCR 

450/450 

1 .OE-OI 

1 . 6E  OO 

2 . 1 1 : OO 

59.0 

0 

672.5 

840.7 

1513.2 

0.0 

0.0 

-6.54 

069/14 

TCCR 

450/450 

1 .OE-OI 

1 . 6E  OO 

2 . 1 E <X) 

122.0 

0 

674 . 3 

861  .0 

15  35.0 

0.0 

0.0 

-4.52 

190/15 

CCCR 

445/445 

1 .OE-OI 

5.9E-01 

5. 7E-01 

O 

3.6 

557.0 

49  3.0 

1050.0 

0.0 

0.0 

-7.77 

1 90/ 1 9 

CCCR 

450/450 

1 .OE-OI 

7. OE-OI 

6.5E-01 

O 

117.0 

6 3 3.1 

484.0 

1117.1 

0.0 

0.0 

-9 . 59 

190/02 

CCCR 

450/450 

1 .OE-OI 

7 . 5E-0 1 

6.5E-01 

O 

687  .O 

671  .5 

495.9 

1 167 . 4 

0.0 

0.0 

-7.  48 

069/15 

CCCR 

452/452 

1 .OE-OI 

1 . 3E  (X) 

1 . 2E  00 

0 

3000 . 0 

846. 3 

608 . 9 

14  55.2 

0.0 

0.0 

-2.23 

069/18 

IIRSC 

458/458 

3. OE-OI 

6. 3E-01 

6.  3E-01 

O 

0 

522.1 

5 32.3 

1054 . 4 

0.0 

0.0 

-6 . 36 

069/12 

HRSC 

450/450 

3 .OE-OI 

8.2E-01 

8.2E-01 

0 

O 

586 . 1 

586 . 1 

1172.2 

0.0 

0.0 

-5.8  3 

1 90/09 

IIRSC 

453/453 

3.  OE-OI 

1 . 1 E OO 

1 . 1 E OO 

0 

O 

625.  3 

6 39.8 

1265. 1 

0.0 

0.0 

-5.90 

069/23 

HRSC 

459/459 

3.  OE-OI 

2.2E  <X) 

2.2E  OO 

O 

0 

674.2 

728.2 

1402.4 

0.0 

0.0 

-2.99 

1 90/08 

HRSC 

452/452 

3. OE-OI 

5.6E-01 

5.6E-01 

0 

o 

502.9 

412.6 

915.5 

0.0 

0.0 

— 

194/01 

HRSC 

455/455 

3.  OE-OI 

5.4E-01 

5.4E-01 

O 

0 

476.2 

494 . 5 

970.7 

0.0 

0.0 

-2.56 

194/05 

HRSC 

450/450 

3.0F.-01 

6.8E-01 

6.9E-01 

O 

0 

557.3 

554 . 7 

1112.0 

0.0 

0.0 

-9 . 80 

194/09 

HRSC 

452/452 

3. OE-OI 

6 . lE-OI 

6.  3E-01 

0 

0 

503.6 

549.9 

1053.5 

0.0 

0.0 

-5.5  3 

190/17 

TCCR 

454/454 

1 .OE-OI 

5.9E-01 

6.7E-01 

168  .0 

0 

384.2 

658.3 

1042.5 

0.0 

0.0 

-6.17 

194/04 

TCCR 

452/452 

1 .OE-OI 

6. lE-OI 

4.9E-01 

300.0 

0 

305.8 

835.0 

1140.8 

0.0 

0.0 

-3.80 

1 90/ 1 8 

BCCR 

450/450 

1 .OE-OI 

5.7E-01 

5.7F.-01 

6 .0 

10.2 

503.6 

470.  1 

97  3.7 

0.0 

0.0 

-4.56 

Table  3a:  Creep  fatigue  test  rate  data  and  stresses 


STRAINS  & FAILURE  DATA 


SPEC  STRAINRANCES  (HALF-LIFE  VALUES)  % FAILURE  DATA-CYCLES 


NO 

TOTAL 

EL 

in 

PP 

PC 

CP 

CC 

NO 

N 1 

N5 

NF 

TF- HRS 

194/06 

1 . 103 

0.874 

0.229 

0.149 

0.000 

0.009 

0.071 

1410 

— 

1539 

1639 

8 3.70 

1 90/ 1 4 

1 .627 

1 .009 

0.618 

0.478 

0.01  3 

o . ooo 

O.  127 

500 

— 

58  3 

645 

14.83 

1 90/05 

1 .6  38 

0.998 

0.640 

O.  389 

0.01  3 

0 . ooo 

0.238 

290 

— 

3 34 

401 

66.68 

190/01 

2.680 

1 .088 

1 .585 

1 .178 

0.000 

0.090 

0.317 

168 

— 

203 

21  3 

2.45 

194/07 

1 . 208 

0.945 

0.263 

0.147 

0.000 

0.116 

0.000 

1120 

1209 

1214 

1 889 

165.65 

069/16 

2.215 

1 . 304 

0.911 

0.445 

0.000 

0.453 

o . ooo 

223 

252 

241 

272 

51.82 

069/25 

4.244 

1.323 

2.921 

1 .523 

0 . 000 

1 . 398 

0.000 

74 

lOJ 

90 

106 

2.78 

069/14 

4 . 205 

1.286 

2.919 

1 .558 

0.000 

1.361 

0.000 

53 

— 

74 

81 

3.58 

1 90/ 1 5 

1 .087 

0.882 

0.205 

0.154 

0.051 

O . OOO 

O . (XX) 

1 300 

— 

1552 

1665 

19.13 

1 90/ 1 9 

1 . 304 

0.94  4 

O.  360 

0.2  31 

O.  129 

0 . (XX) 

o . ooo 

520 

— 

619 

698 

95.60 

190/02 

1 . 505 

1 .025 

0.480 

O.  324 

0.156 

0.000 

0.000 

327 

— 

34  5 

4 20 

108.90 

069/15 

2.291 

1 . 206 

1 .085 

0.617 

0.4  70 

0.000 

0.000 

124 

— 

1 33 

142 

78.68 

069/18 

0.920 

0.86  3 

0.073 

0.073 

0.000 

0.000 

0.000 

3500 

1700 

3650 

539  3 

4.98 

069/12 

1.190 

1.091 

0 . 1 CO 

0.180 

0.000 

0.000 

0.000 

1725 

2000 

1 900 

2765 

2.57 

1 90/09 

1.450 

1 .016 

0.4  34 

0.4  34 

0.000 

0.000 

0.000 

550 

6M 

610 

765 

0.78 

069/23 

2.4  38 

1 .256 

1 . 182 

1 .182 

0.000 

0.000 

0.000 

306 

335 

315 

357 

0.  33 

190/08 

0.903 

0.850 

0.053 

0.053 

0.000 

0.000 

0.000 

14600 

— 

1 5216 

18140 

16.80 

194/01 

0.864 

0.825 

0.039 

0.0  39 

0.000 

0.000 

0.000 

87  32 

— 

9 354 

1 3 700 

12.68 

194/05 

0.952 

O.  720 

0.232 

0.2  32 

0.000 

0.000 

0.000 

1 500 

— 

1600 

2750 

2.63 

194/09 

0.937 

0.8  39 

0.098 

0.098 

0.000 

0.000 

0.000 

3500 

— 

3786 

6005 

5.55 

1 90/ 1 7 

1 .067 

0.896 

O.  1 79 

0.  105 

0.000 

0.074 

0.000 

2250 

— 

2668 

4225 

59.00 

194/04 

1 . ioo 

0.908 

0.  192 

0.085 

0.000 

0.  107 

0.000 

1760 

— 

1915 

3388 

242.78 

1 90/ 1 8 

1 . 105 

0.893 

0.212 

0.  109 

0.000 

0.000 

0.  103 

2400 

— 

2750 

2994 

40 . 50 

Table  3b:  Creep  fatigue  test  failure  data  and  strains 
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RATE  DATA  & STRESSES 
RATE  DATA  (HALF-LIFE  VALUES) 


STRESSES  (HALF-LIFE  VALUES)  MPA 


SPEC 

NO 

TEST 

TYPE 

TEMP- °C 
TEN/COMI* 

FREQ 

HZ 

STRAIN- 

TEN 

RATE-4/SEC 

COMP 

HOLD  TIME -SEC 

TEN  COMP 

TEN 

MAX 

COMP 

MAX 

RANGE 

MAX 

RELAXATION 

TEN  COMP 

CYCLIC  STRAI 

HARDENING  1 

m/o6 

UIISC 

449/44'i 

1 . OE-OI 

9. OE-OI 

9.6E-01 

1 356.0 

0.8 

532.5 

864.9 

1397.4 

0.0 

0.0 

2.96 

I9S/1  7 

UIISC 

447/447 

1 .OE-OI 

9.6E-01 

9.8E-01 

1080.0 

0.5 

573.7 

867.2 

1440.9 

0.0 

0.0 

1 .94 

I‘)r>/C)7 

UIISC 

4 50/ 4 SO 

1 .OE-OI 

7.9E-01 

7.8E-01 

1800.0 

0.6 

465.2 

856.2 

1321.4 

0.0 

0.0 

2.57 

!•)'»/ I I 

UIISC 

452/452 

1 .OE-OI 

6.9E-01 

6.8E-01 

O.  5 

7 344  .O 

714.3 

412.7 

1127.1 

0.0 

0.0 

-0.  37 

194/  M 

UIISC 

450/450 

1 .OE-OI 

6 . 2E-01 

5.9E-01 

0.5 

1 3680.0 

740.  3 

275.  3 

1015. 3 

0.0 

0.0 

-1  .02 

1*14/  1 H 

uiisc 

551/551 

1 .OE-OI 

7.6E-01 

7. 3E-01 

2.0 

4.0 

47  3.5 

4 37.5 

911.0 

0.0 

0.0 

-2.75 

1 ‘)r»/  18 

UIISC 

547/54  7 

1 .OE-OI 

h . 2E-OI 

6. lE-OI 

1.8 

12.0 

502.9 

340.  4 

84  3 . 3 

0.0 

0.0 

— 

STRAINS  « FAILURE  DATA 


SPEC 

STRAIN RANGES 

(HALF-LIFE  VALUES)  » 

FAILURE  DATA-CYCLES 

NO 

TOTAL 

EL 

1N 

PP  PC CP 

CC 

NO 

N I N5 

NF 

TP- HRS 

195/06 

2.414 

1 . 325 

1 . 109 

0.477  0.000  0.426 

0.206 

85 

1 37 

1 37 

55.33 

195/1 7 

2.4  18 

1.198 

1 .220 

0.549  O.(XX)  0.437 

0.234 

89 

150 

150 

26.48 

195/07 

1 .976 

1.177 

O.  799 

0.287  0.000  0.351 

O.  16  ? 

195 

215 

215 

95.  32 

195/ 1 3 

1.465 

1.051 

0.4  14 

0.175  0.123  0. OOO 

0.116 

210 

255 

284 

448.95 

194/  1 4 

1 .229 

0.989 

0.24  1 

0.073  0.091  0.000 

0.078 

270 

292 

384 

1127.90 

194/18 

1.252 

0.915 

0.  337 

0.213  0.033  0.000 

0.091 

7 20 

964 

1153 

3.32 

195/18 

1 .052 

O.  76  7 

0.286 

0.114  0.057  0.000 

O.  114 

806 

903 

1020 

6.03 

Table 

4 : Creep  fatigue  test  data  of  complex 

cycles 
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a)  Normal  Microstructure 
(3  -Phase:  10  - 15  Vol.% 

Fig . 1 : Microatructure  of  the  T16-4  alloy  in  the  as  received  condition 


b)  Observed  Variation  of 
the  Microstructure 
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Fig-  5 '■  Observed  scatter  of  the  creep  behaviour  at  a stress  of  490.5  MPa 


Fig,  6:  Creep  rupture 
life  behaviour  of  the 
T16-4  alloy  as  derived 
from  Figs.  4 and  5 
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b)  After  Testing 


a)  Before  Testing 


Changes  of  the  8-phase  during  a creep  test  at  400  °C 


a)  Before  Testing 


b)  After  Testing 


Fig-  9 j Elongation  of  the  8-phase  in  a creep  test  at  450  °C 
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lg.  10:  Specimen  for  the  creep  fatigue  tests  at  450 
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Fig.  12:  Observed  stress-strain  behaviour  In  the  creep  fatigue  tests 
with  different  cycle  types 
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Fig . 1 3 : Observed  half-life  values  of  the  mean  stress  in  the  creep  fatigue  tests 

at  450  °C  with  different  cycle  types 
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Partitioned  strainrange- 1 i fe  relationships  for  the  T16-4  alloy  at  450  °C 
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Comparison  of  the  observed  and  predicted  lives  for  the  T16-4  alloy 
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SUMMARY 

A i Cr  Mo  V ferritic  steel  has  been  subjected  to  fatigue/creep  conditions  at  56 L °C. 
Most  of  the  data  obtained  were  from  strain  controlled  tests  with  and  without  hold  periods. 
Some  load  controlled  results  were  also  obtained.  The  strain  range  partitioning  (SRP) 
method  for  predicting  lives  at  long  hold  periods,  and  under  complex  load  cycles,  was 
applied.  With  this  material,  good  correlation  of  data  using  the  Ductility  Normalized 
SRP  was  obtained,  although  even  better  correlation  resulted  when  the  SRP  method  was 
modified  to  take  account  of  the  length  of  the  hold  period. 

NOMENCLATURE 


PP,CC,PC,CP 
CP, 


b 


CP 


d 


tpP’"  ~C‘ 


ritd 


td 

Npp.  — N.. 


F F 

pp*  • 


Denotes  features  associated  with  strains  partitioned  according  to  the  SRP 
rules.  Ref.  (A) 

CP  feature  related  to  brittle  creep 
CP  feature  related  to  ductile  creep 
Inelastic  strain  related  to  the  subscripts 
Non-time  dependent  strain 
Time  dependent  strain 

Cycles  to  failure  for  a cyclic  test  whose  inelastic  strain  range  is 
described  by  the  subscripts 

Number  of  cycles  to  failure 

Fraction  of  a total  inelastic  strain  range  that  relates  to  inelastic 
strain  described  by  the  subscripts 


D 

D 


c 

P 


tr 


eq 


Creep  ductility 
Plastic  flow  ductility 

Time  to  rupture  for  a static  creep  test  equivalent  to  a complex  cyclic 
creep  test 


30T/3C  Description  of  hold  times  in  a strain  controlled  cycle,  e.g.  30  min 

tensile  hold  plus  3 min  compressive  dwell 


1.  INTRODUCTION 


In  modern  power  plant  such  as  gas  turbines,  nuclear  reactors,  and  conventional  steam 
generation  plant,  the  presence  of  complex  load/temperature  conditions,  often  in  an 
adverse  environment,  makes  for  design  difficulties.  The  consequences  of  failure  in 
critical  components  can  be  catastrophic.  The  high  temperature  transients  can  cause 
large  thermal  strains  with  consequent  cyclic  plasticity.  At  the  elevated  temperatures 
involved,  creep  processes  are  also  present  in  the  material. 

Clearly,  this  complex  situation  poses  problems  for  the  designer  who  has  to  design 
for  a specific  life.  The  simple  question  is  how  do  we  "add"  all  these  processes; 
fatigue,  creep,  plus  environment,  together  to  form  a total  damage.  At  this  time,  our 
difficulty  lies  in  the  fact  that  we  do  not  understand  precisely  the  possible  interactions 
which  may  arise  between  them  and  there  is  a definite  need  for  more  suitable  material 
behaviour  data  to  elucidate  the  situation.  It  must  also  be  borne  in  mind  that  under 
these  high  cyclic  strain/creep  conditions  it  is  probable  that  cracks  initiate  early  in 
the  life  and  that  the  propagation  of  this  type  of  damage  is  the  matter  to  be  considered. 

In  other  words,  we  3imply  do  not  know  the  constitutive  equations  which  describe  the 
material  behaviour  under  these  simulated  complex  service  load/temperature  conditions. 

Since  we  do  not  understand  the  interactive  processes,  it  is  not  possible  to  propose  con- 
stitutive equations  based  on  fundamental  parameters,  and  we  have  to  rely  therefore  on 
continuum  type  predictive  methods.  In  recent  years,  several  such  methods  of  life  pre- 
diction have  been  attempted  with  various  degrees  of  success,  for  example,  straightforward 
fatigue  plus  creep  cumulative  damage,  frequency  modified  life,  and  now  strain  range 
part  it ioning. 

This  paper  presents  data  for  a single  batch  1 Gr  Mo  V ferritic  steel  which  has  been 
subject  to  various  combinations  of  fatigue  and  creep  at  elevated  temperature  as  part  of  a 
larger  programme  of  work  at  Bristol.  In  particular,  the  material  behaviour  for  long  hold 
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periods  under  strain  control  is  predicted  by  means  of  a method  which  is  based  on  3train 
range  partitioning. 

2.  EXPERIMENTAL 

All  cyclic  tests'  were  carried  out  in  a servo-hydruul  ic  axial  push/pull  machine 
capable  of  either  load  or  strain  control  in  the  cycle.  Specimens  had  a parallel  sidea 
gauge  lengtli  with  thin  ridges  at  the  ends  of  the  gauge  length  for  attachment  of  extenso- 
metry  (Fig.  1).  Measurement  and  control  of  strain  was  by  means  of  a pair  of  LVDT's  in 
the  extensometry ; since  the  LVD'i"3  were  arranged  to  record  strains  on  diametrically 
opposite  sides  of  the  specimen,  it  was  possible  also  to  check  for  any  bending  present. 
Loading  alignment  of  better  than  0.02  mm  TIF  between  the  loading  columns  reduced  bending 
to  negligible  proportions  and  eliminated  the  possibility  of  buckling  during,  compression. 

The  specimen  was  heated  by  a non- i riduct i ve ly  wound  three-zone  furnace,  control  being 
achieved  by  a proportional  controller  and  a Pt/PH  13%  Rh  thermocouple  clamped  to  the 
specimen.  Temperature  was  monitored,  on  a data-logger,  by  Cr/AA  thermocouples  spot 
welded  to  the  specimen  and  was  controlled  to  within  t 1 °C  of  the  nominal  565  °C. 

A summary  of  the  test  results  considered  with  regard  to  the  strain  range  partitioning 
method  are  given  as  follows: 


Control 

Hold  Time  - Minutes 

S RP 

Element  in  Cycle  ' 

Tension 

Compression 

Strain 

0 

0 

PP  t 

Strain 

0 

0 

cc  * 

Strain 

30 

0 

PP,  CP 

180 

0 

960 

0 

Strain 

0 

3 

PP,  PC 

0 

30  , 

1 Strain 

30 

30 

PP,  CC 

Strain 

30 

5 

PP,  CC,  CP 

960 

0.2 

i 

Load 

30-45 

0 

PP,  CP 

The  strain  rate  used  in  the  dynamic  sections  of  all  cycles  was  0.4%/sec  with  the 
following  exceptions: 

t One  test  was  carried  out  at  4.5?/sec  to  confirm  that  there  was  no  significant  creep 
strain  present  at  strain  rates  of  0.43!/sec. 

* All  these  tests  were  carried  out  at  a strain  rate  low  enough  to  eliminate  any  PP 
element.  The  cycle  frequency  was  2 cy/hr  and  the  stress  never  exceeded  the  cyclic 
yield  point. 

3.  MATERIAL 

3 . 1 Compos i t ion 

The  material  used  in  this  work  is  a low  alloy,  1 Cr  Mo  V steel  taken  from  a single 
hatch.  The  composition  is  shown  as  follows  (sec  Footnote  on  next  page) 


Element 

C 

Si 

Mn 

Hi 

Cr 

Mo 

V 

s 

p 

t 

0.24 

0 . ?9 

0.64 

0.21 



1.02 

0.57 

0.29 

0.01 

0.016 

3 . 2 Heat  treatment 

Austenitise  at  1000  °C. 

Furnace  cool  to  690  °C  at  50  °C/hr. 

Hold  for  70  hrs  and  air  cool. 
Re-austenitise  at  975  °C. 

Quench  into  salt  bath  at  950  °C. 

Hold  for  5 hrs  and  air  cool. 

Rough  machine. 

Anneal  in  salt  bath  at  700  °C  for  20  hrs. 
Finish  machine. 


It  was  in  order  to  achieve  maximum  homogeneity  that  the  isothermal  treatment  was  ineor- 


porated  to  produce  a mid-bainite  structure.  Following  the  correct  heat  treatment  cycle 
the  hardness  was  in  the  range  2AO-253  VPN. 

Further  details  concerning  the  material  and  its  metallography  are  to  be  found  in 
Ref.  (2). 

5 . 3 Monotonic  test  results 


Room  Temp. 

565 

°C 

f =0. A */ sec 

r =0. 1 X /min 

t -0. A* /sec 

0.02*  proof  stress  MN/m2 

6 35 

300 

A 00 

Ultimate  tensile  stress 

MN/m2 

805 

A20 

500 

Elongation  * 

36 

AO 

Reduction  in  area  * 

6A 

80 

Modulus  of  Elasticity  GN/m2 

— 

203 

153 

3 . <4  Principle  fatigue/creep  characteristics 

The  1 Cr  Mo  V steel  has  three  important  features  when  considering  its  behaviour 
under  cyclic  plasticity  and/or  creep  conditions.1** 


(i)  Under  cyclic  strain  the  material  exhibits  rapid  cyclic  softening  followed  by  a 
more  stable  period  so  that  at  half-life  there  is  a reduction  of  approximately  2b* 
in  the  stress  range  (Fig.  2).  This  amount  of  cyclic  softening  was  present  at  both 
room  temperature  and  565  °C. 


( i i )  The  second  important  characteristic  of  this  material  is  that,  under  isothermal 
creep  conditions,  it  has  a very  sharply  defined  ductile/brittle  transition  (Fig.  3)- 
Above  a transition  stress  of  2*10-250  MN/m2  all  failures  are  3aid  to  be  ductile  and 
are  characterized  by  a reduction  in  area  of  about  50*.  In  this  ductile  regime 
little  or  no  cracking  occurs  before  failure.  In  contrast,  below  the  transition 
stress  the  failures  exhibit  a reduction  in  area  of  approximately  10*,  which  then 
decreases  with  lower  values  of  creep  stress.  There  is  clear  intergranular  cracking 
at  prior  austenitic  grain  boundaries  and  the  fracture  may  loosely  be  termed  a 
brittle  failure.  An  important  point  is  that  the  transition  stress  does  not  appear 
to  be  affected  by  cyclic  softening  either  before  or  during  a creep  test.  This 
feature  is  shown  in  Fig.  A which  summarises  previously  reported  data*  for  the  same 
batch  of  material  including:  (a)  static  load  creep;  (b)  repeated  tension  creep; 

(c)  creep  after  prior  cyclic  strain.  The  same  ductile/brittle  transition  applies 
to  all  thi3  data. 

(iii)  The  third  feature  occurred  in  the  strain  controlled  tests  at  565  °C  with  hold 
periods  at  maximum  3train.  It  was  observed  that  the  peak  stress  at  the  beginning 
of  the  hold  period,  whether  in  tension  or  compression,  relaxed  very  rapidly  in  the 
first  few  seconds.  As  a typical  example,  the  stress  may  decrease  by  one-third  of 
its  total  stress  relaxation  in  the  first  10  seconds  and  by  nearly  two-thirds  after 
1 minute  even  for  hold  periods  measured  in  hours.  Careful  experimental  checks 
ensured  that  this  behaviour  was  a definite  material  effect  and  it  was  hypothesized 
that  the  initial  rapid  stress  decrease  was  not  solely  due  to  creep  processes;  the 
possibility  of  3ome  anelastic  process  was  put  forward.  Whether  the  process  is 
anelastic  or  creep,  it  seems  likely  that  it  is  caused  by  a rapid  dislocation 
mechanism. 


It.  PREDICTIVE  METHODS  AND  RESULTS 


The  strain  range  partitioning  (SRP)  method  of  predicting  lives  for  a high  strain, 
complex  fatigue/creep  cycle  is  described  in  detail  by  Ilirschberg  and  Halford.1'  Thi3 
give3  the  interaction  damage  rule  33 


1 


F 


F 

_£C 

N 

pc 


(1) 


This  section  details  the  straightforward  application  of  SRP,  without  modification,  to  a 
1 Cr  Mo  V steel  at  565  °C  and  then  two  developments  of  this  technique. 


A . 1 Direct  application  of  SRP 

Strain  range  partitioning  calls  for  the  generation  of  Manson-Cof fi n type  lines  for 
epp>  tr c»  Ecp*  an<J  cpc  against,  life.  These  lines  should  then  characterize  a material 
for  any  cycle  according  to  Eq.(l).  At  Bristol,  data  has  been  obtained  from  strain  con- 
trolled tests,  with  and  without  hold  periods  at  maximum  strain  in  the  cycle.  It  is  a 
feature  of  this  type  of  test  that  the  inelastic  strain  is  usually  predominantly  c . 

* Chemical  compositions,  material  processing,  heat  treatments  anil  mechanical  properties  for  each  tested  alloy,  as  well  as  the  data 

generated  in  the  programme,  are  given  in  Appendix  A I 
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The  SRP  points  are  shown  in  Fig.  5 and  it  can  be  3een  that  the  epp  and  ecc  results 
are  good,  yielding  straight  lines  as  expected.  The  eCp  data  produces  a wide  scatter 
band  which  would  not  inspire  confidence  in  the  use  of  Eq . ( 1 ) since  a single  CP  line  does 
not  appear  reasonable. 

Following  the  results  obtained  for  tcp  using  strain  controlled  data,  a further 
series  of  tests  using  load  controlled  tensile  creep  was  carried  out.  This  enabled  a 
much  higher  proportion  of  the  inelastic  strain  range  to  be  of  the  eCp  form  and  so  reduce 
errors.  The  constant  stress  in  the  tensile  hold  was  always  greater  than  250  MN/mJ  to 
cause  a failure  in  a reasonable  time;  i.e.  the  stresses  were  above  the  transition  3tress 
and  therefore  always  in  the  ductile  regime. 

It  was  found  that  the  CP  results  from  these  tests  did  not  agree  with  the  previous 
strain  controlled  CP  data  (see  Section  *4.2);  in  fact,  they  were  not  as  damaging  as  the 
latter.  It  was  an  experimental  fact  that,  in  the  strain  controlled  tests,  the  stresses 
in  the  hold  period  always  relaxed  down  to  values  below  the  transition  stress  into  the 
brittle  regime  for  the  majority  of  the  hold  period.  Hence  a possible  reason  for  the 
discrepancy  might  be  in  the  considerable  difference  in  creep  ductilities  above  and  below 
the  transition  stress;  the  load  controlled  CP  tests  were  carried  out  exclusively  in  the 
ductile  regime  and  the  strain  controlled  CP  tests  predominantly  in  the  brittle  regime. 

An  analytical  procedure  based  on  creep  ductility  will  be  considered  in  Section  A. 2. 

An  alternative  explanation  may  be  associated  with  the  fact  that  the  CP  data  from 
the  strain  controlled  tests  with  longer  hold  periods  lay  further  to  the  left  in  Fig.  5, 
i.e.  were  more  damaging.  An  analytical  method  based  on  the  length  of  the  hold  time  will 
be  proposed  in  Section  A. 3. 


42  eCp  lines  based  on  ductility  normalized  SRP 


Halford,  Saltsman  and  Hirschberg5  have  proposed  a modification  to  the  SRP  method 
based  on  creep  ductility.  Generalised  SRP  equations  may  be  written  to  include  a 
ductility  term. 


N s (26e  /D)'1’67 

pp  pp  p 

N = D (A6e  )-1,67 
cc  c CC  7 


N 


(46e  /D  )*1-67 
pc  pc  p' 

1 = D ( 56c  )'1-67 

cp  c cp 

1 = D (106c  )'1,67 

cp  c cp 


(2) 

(3) 

m 

(5) 

(6) 


For  the  1 Cr  Mo  V steel  results  presented  in  this  paper,  Eq.(2-6)  do  not  hold  true 
either  in  the  slope  or  constants.  Experimental  lines  for  epp  and  cCR  have  been 
obtained  from  the  strain  controlled  tests.  Accepting  that  above  the  transition  stress 
the  r is  ductile  and  below  it  is  brittle,  the  e„p  may  be  partitioned  into  eRp  and  e„p 
in  tin-normal  SRP  manner.  The  CP^  line  was  obtained  from  the  load  control  led  dCP  tests. 
A true  CPb  line  would  have  to  be  produced  by  load  controlled  CP  tests  with  creep  stresses 
below  the  transition  stress;  3uch  test3  would  be  very  long.  However,  strain  controlled 
tests  with  960  min  tension  holds  have  been  carried  out  and,  since  the  stresses  relax  to 
low  values  in  this  long  hold  period,  the  va3t  majority  of  this  hold  is  in  the  brittle 
regime.  Hence,  let  us  assume  that  this  cycle  produces  a reasonable  CPp  line. 


Eq.(l)  should  now  be  written: 

1 F F *'cp . Fcp. 

i_  - ♦ _££  ♦ 

N.  ' N N N 

f pp  cc  cp.  cp. 


(7) 


where  Fcp  and  Fcp  are  the  fractions  spent  in  the  ductile  and  brittle  regimes  respec- 
tively. ^ A CPb  “line  may  now  be  produced  using  Eq.(7),  3ee  Fig.  6. 

Figure  3 shows  creep  ductility  against  stress.  In  the  case  of  a 960  min  hold  the 
stress  is  sensibly  constant  after  a small  percentage  of  the  hold  time,  so  a ductility  may 
be  read  off  Fig.  3-  Thus  the  equation  of  the  CP^  line  in  Fig.  6 is 

N = Dc  (2.79  x Ac0^  (8) 

cpb  cpb 

Using  GRP  lines  for  Npp,  Ncc,  Ncpfj  with  F.q.(8)  predictions  can  now  be  made  with  Eq.(7). 

A.  3 r. ...  lines  based  on  hold  time1  modified  SRP 

« P ——————————————————————————— 

For  strain  controlled  tension  only  hold  time  tests,1  the  stress  in  the  hold  period 
decreases  from  a high  peak  value  very  rapidly  to  a level  well  below  the  transition  stress 
(Fig.  7).  The  initial  stress  relaxation  is  so  rapid  that  some  doubt  is  expressed  as  to 
whether  this  is  solely  due  to  creep  relaxation  processes.  In  fact,  the  CP  strain  due  to 
this  initial  stress  relaxation  forms  a considerable  fraction  of  the  whole  ecp  recorded. 
Ellison  and  Paterson1  proposed  a model  for  ratchetting  grain  boundary  damage  to  explain 
the  low  lives  obtained  for  tension  only  hold  cycles  and  the  longer  lives  obtained  in  a 
balanced  cycle  with  equal  tension  and  compression  hold  periods;  in  the  latter  cycle  the 
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time  dependent  grain  boundary  "damage"  balanced  out  in  each  cycle.  In  many  respects 
this  model  agrees  with  the  SRP  philosophy  except  that  there  is  an  allowance  in  the  former 
for  time  independent  deformation  during  a creep  hold  period,  Fig.  8. 


When  considering  the  stress  relaxation  curv  for  a strain  hold  period  (Fig.  7)  let 
us  assume  for  this  material  that  during  the  period  of  relaxation  down  to  the  transition 
stress,  the  inelastic  strain  is  wholly  time  independent,  and  that  time  spent  below  the 
transition  stress  gives  rise  to  wholly  time  dependent  inelastic  strain.  Metallographic 
examination  of  failed  specimens  certainly  suggest  that  different  mechanisms  operate 
either  side  of  the  transition.  Thus,  as  the  load  controlled  CP  data  was  all  taken  for 
creep  stresses  above  the  transition  stress,  in  the  ductile  regime,  let  us  assume  that  the 
CP  line  generated  will  apply  to  the  non-time  dependent  part  of  any  eCD  in  a cycle,  i.e. 
a CPjj  line. 


In  the  case  of  a strain  controlled  tensile  hold  test,  the  majority  of  the  hold  is 
spent  in  the  time  dependent  (brittle)  regime  giving  rise  to  brittle  creep  strain,  ec[i  . 
Hence,  again,  we  have  for  a tension  only  dwell  cycle,  Eq.(7)  b 
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To  produce  a line  relating  to  time  dependent  CPp,  time  dependent  data  should  be  used, 
bet  us  assume  the  usual  damage  approach  applied  to  the  time  dependent  part  of  the  loop: 


Creep  Damage/cycle 


(9) 


where  t = time  of  hold  below 
static  creep  test  equivalent 
below  the  transition  stress. 


Thus 


cp. 


cp. 


the  transition  stress  and  tr  is  the  time  to  rupture  for  a 
to  the  sum  of  the  creep  thatec)occurs  in  the  hold  periods 
Eq.(9)  is  equivalent  to  F /N  in  Eq.(7). 


(10) 


When  calculating  creep  rupture  times,  parameters  based  on  strain  are  les3 
susceptible  to  errors  than  those  based  on  stress.  This  is  because  the  relationship 
between  stress  and  time  to  rupture  depends  on  a power  function  of  higher  order  than  that 
relating  strain  and  time  to  rupture.  Minimum  creep  rate  plotted  against  time  to  rupture 
on  a log/log  basis  yields  a straight  line.  For  this  material,  this  is  true  irrespective 
of  the  type  of  creep,  be  it  static  load,  cyclic  load,  reversed  cyclic  load;  with  or 
without  prior  fatigue,  Fig.  9.  This  forms  the  basis  of  obtaining  trj  for  Eq.(10). 

For  a constant  strain  hold  the  minimum  creep  rate  is  that  at  the  end  ec^of  the  hold  time, 
so  tr  may  be  found  from  Fig.  9.  Using  Eq.(10)  and  experimental  data,  CPb  points  were 
e9  plotted.  This  yielded  a series  of  CPb  lines  related  to  the  tensile  dwell  time. 
These  lines  now  complete  the  SRP  data  to  enable  life  predictions  to  be  made  with  Eq . { 7 ) - 
Figure  10  shows  the  completed  SRP  lines. 


5. 


Sample  calculations 


for  N„n  are  shown 
cPb 


in  Appendix 


1(a). 


DISCUSSION 


Using  SRP  as  originally  envisaged,  Fig.  5 shows  that  PP  and  CC  provide  good  results 
but  PC  and  CP  data  has  some  shortcomings  for  strain  control’ed  hold  tests.  The  PP  line 
can  be  drawn  through  pure  fatigue  data  with  good  correlation.  This  data  includes  one 
point  with  a strain  rate  ten  times  that  of  the  remainder,  demonstrating  that  there  was 
negligible  creep  present  in  the  fatigue  tests.  The  CC  line,  drawn  through  data  derived 
from  slow  cycle  tests,  is  near  parallel  to  the  PP  line  and  is  slightly  more  damaging. 
This  result  is  as  expected. 


Only  a small  amount  of  PC  data  is  available  and  this  shows  no  obvious  trend.  The 
3train  controlled  tests  yielded  Fp0  =0.1  with  Fpp  = 0.9  for  inelastic  strains  in  the 
range  t 0.25?  to  t 0.75?.  For  thi3  type  of  test  it  was  noted  that  Npp  = N0bs  so  that 
in  the  equation 


pc 


•,  r 

1 P£ 

N . N- 

OD3  PP 


(ii) 


the  denominator  is  a small  difference  of  small  numbers.  This  makes  Npc  particularly 
sensitive  to  small  errors.  Load  controlled  PC  data  may  produce  better  correlation  as 
the  difference  in  the  terms  in  the  denominator  increases.  This  data  is  now  being 
generated  in  the  Bristol  Laboratories. 


The  CP  data  exhibits  a large  scatter  for  a given  inelastic  3train  range,  lifetimes 
varying  by  up  to  four  times.  However,  a closer  analysis  reveals  a consistent  trend  for 
the  longer  hold  test3,  at  similar  inelastic  strain  ranges,  to  yield  shorter  lives. 


When  considering  the  Ductility  Normalised  SRP  results,  as  indicated  in  Section  ^.2, 
the  CP  component  of  the  inelastic  strain  range  was  split  into  a CPb  and  a CP^  part.  The 


lin'  i :»o  pi1  duced,  along  with  the  PP  and  CC  lines,  are  shown  in  Pip;.  6.  Correlation  of 
the 1 in'-3  with  F>i.  (2)  to  (6)  is  poor,  however,  and  to  use  ductility  normalized  SRP  to 
;r*'li  t l i vs  the  experimentally  derived  CP^  line  was  used  to  evaluate  the  slope  and 
n.ii.anta  he  used  in  Kq . ( 6 ) . Life  predictions  based  on  experimentally  derived  PP, 
and  CP,j  lines  and  the  corrected  Eq.( 6)  were  made.  Figure  11  shows  the  predicted 
lives  against.  those  observed.  Correlation  i3  good.  With  the  exception  of  one  point, 
all  predictions  were  within  times  2 of  life.  The  original  data  for  the  anomalous  point 
i r.d i " a t ed  that  this  test  result  possessed  a longer  life  than  expected  though  there  was 
r.  apparent  reason  for  this. 

Us  in/  hold  time  modified  CPP,  a series  of  CPp  lines  have  been  plotted  dependent  on 
the  length  of  the  hold  periods  and  can  be  seen  to  be  near  parallel  to  PP  arid  CC,  Fig.  10. 
The:-.,  lines  show  that  CP^  is  far  more  damaging  than  other  types  of  inelasticity  and  a 
longer  hold  time  increases  the  damage. 

Figure  1?  shows  a graph  of  predicted  against  observed  lives  for  various  complex 
cycles  including  constant  strain  holds.  Correlation  is  extremely  good.  With  the 
exception  of  the  one  point,  all  predictions  are  better  than  lj  times  of  life.  The 
exception  discussed  previously  is  still  within  2 times  of  life.  The  predicted  results 
include  examples  for  long,  960  min,  hold  periods  under  strain  control,  and  complex  cycles 
in  which  unequal  hold  periods  in  both  tension  and  compression  are  present. 

In  contrast  to  the  PC  case,  the  CP  test  shows  a much  greater  difference  between  tljp 
and  f»’0p3-  Thus,  in  Eq.(ll)  (for  the  CP  case),  the  denominator  would  now  be  a larger 
difference  and  so  is  less  sensitive  to  errors.  To  obtain  some  feel  for  the  effect  of 
errors  in  the  damaging  CP  line,  it  is  instructive  to  consider  the  following  example. 
Generally,  for  life  predictions  using  Eq.(7),  if  a 50 1 change  in  the  value  of  Ncf)  i3 
made,  the  resultant  shift  in  the  predicted  lives  is  approximately  30 t.  b 

The  two  methods  of  modifying  the  basic  SRP  method  discussed  above,  based  on 
ductility  and  on  time  dependent  data,  have  much  in  common.  They  both  approach  the 
phenomenon  of  time  dependent  damage  using  material  characteristics.  The  1 Cr  Mo  V steel 
is  a particularly  good  vehicle  to  examine  the  validity  of  the  ductility  modified  model  as 
it  can  be  idealised  as  having  a step  change  in  ductility  (Fig.  3).  However,  examination 
of  Figs  3 and  *1  shows  that  while  the  ductility  exhibits  a sharp,  well  defined  discon- 
tinuity for  this  material,  the  creep  properties  do  not.  Creep  data  describes  more 
precisely  the  time  dependent  damage  and  so  is  inherently  more  accurate.  The  limitation 
in  the  approach  made  here  lies  in  the  assumption  that  the  non-time-dependent  inelastic 
deformation  contains  no  time  dependent  inelasticity  and  vice  versa.  In  reality,  each 
r€gim"  will  contain  a small  proportion  of  the  other,  the  degree  depends  on  the  material 
under  consideration. 

A limitation  that  applies  to  both  methods  of  analysis  is  that  there  is  little  or  no 
compressive  ductility  or  creep  data  available  for  this  material  at  present.  This 
inhibits  the  application  of  either  model  to  PC  deformation. 

6.  CONCLUSIONS 

For  the  1 Cr  Mo  V steel  considered  in  this  report  the  following  conclusions  may  be 

drawn . 

(1)  PP  and  CC  data  produced  linear  plots  when  unmodified  SRP  techniques  were  U3ed  for 
analysis . 

(2)  Tests  involving  tension  only  holds  were  the  most  damaging  whether  under  load  or 
3train  control.  The  longer  the  hold  time  in  tension,  the  more  damaging  the  cycle. 

(3)  The  SRP  approach  for  the  prediction  of  lifetimes  of  specimens  experiencing  tensile 
hold  periods  is  promising,  provided  certain  modifications  are  made. 

(l»)  Ductility  Normalized  SRP  results  generally  predicted  lifetimes  to  within  a factor  of 
2 times  the  observed  lifetimes  for  a variety  of  tests  involving  tension  and  tension  plus 
compression  holds. 

(5)  An  alternative  modification  to  the  SRP  approach  based  on  the  time  of  the  hold  period 
yielded  even  better  correlation  of  predicted  with  observed  lifetimes  for  the  range  of 
test3  considered.  Predicted  lifetimes  were  generally  within  a factor  of  1.5  of  the 
observed  lifetimes. 

(6)  Test3  involving  compression  only  holds  were  less  damaging  than  any  containing 
tensile  hold.  Specimen  lifetimes  approached  those  expected  from  pure  fatigue  tests  at 
the  same  strain  range. 
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Fig.  5 Summary  of  strain  range  partitioned  tests 


Fig. 7 Creep  stress  relaxation  curves  for  30T/OC  at  56S°C  at  various  total  strains 
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Fig. 8 Schematic  model  for  ratchetting  grain  boundary  damage 
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Relationship  between  creep  rupture  time  and  minimum  creep  rate 
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Fig.  10  Strain  range  partitioning  lile  relationships.  CPj,  derived  from  equivalent  creep  data  giving  hold  time  modified  life  relationships 


Comparison  of  observed  and  predicted  lives.  Predictions  based  on 
hold  time  modified  SRP  life  relationships 
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ABSTRACT 


The  concept  of  stralnrange  partitioning  was  used  to  estimate  the  cyclic 
life  of  uniaxial  specimens  subjected  to  strain  controlled  fully  reversed 
cycling  at  constant  temperatures  within  the  creep  range.  Strain-time  wave- 
forms consisted  of  ramp  loading  with  tension,  or  compression,  or  both  tension 
and  compression  hold  periods  at  peak  strain.  Materials  examined  Included 
2 1/A  Cr-1  Mo  steel  in  the  annealed  condition,  solution  annealed  Haste] loy 
X,  and  solution  annealed,  thermally  aged,  or  irradiated  type  316  stainless 
steel.  Inelastic  strain  life  relationships  were  either  developed  directly 
from  appropriate  experimental  data  or  obtained  via  the  ductility  normalization 
concept  and  used  with  the  interaction  damage  rule.  Generally  good  agreement 
between  experimental  and  predicted  cyclic  lifetimes  was  found,  although  a 
number  of  uncertainties  were  identified  and  discussed.  In  the  case  of 
2 1/A  Cr-1  Mo,  extrapolations  were  performed  to  Indicate  the  Influence  of 
hold  periods  of  up  to  100  hr  at  various  stralnranges . 


INTRODUCTION 


Operational  cycles  of  advanced  nuclear  reactor  power  generating  systems  include  power 
adjustments,  response  to  emergency  or  hypothetical  accident  situations,  and  refueling. 

Tills  mode  of  operation  will  subject  structural  material  components  to  cyclic  strain- 
controlled  loading  conditions  at  elevated  temperatures  such  that  the  possibility  of  time- 
dependent  fatigue  and  creep  damage  must  be  considered  in  their  design.  Typically,  these 
cycles  produce  strain  ranges  that  are  small,  normally  being  les3  than  about  0.6?  with 
hold  periods  that  are  projected  to  range  from  as  low  as  perhaps  10  to  as  high  as  1000  hr 
and  with  design  lifetimes  of  30  or  A0  years.  Accordingly,  appropriate  elevated  temperature 
strain-controlled  fatigue  data  must  be  generated  in  the  laboratory  and  methods  developed 
which  will  allow  extrapolation  to  conditions  anticipated  in  actual  service. 

It  was  the  objective  of  this  paper  to  apply  concepts  of  stralnrange  partitioning  to 
predicting  the  strain-controlled  time-dependent  fatigue  behavior  of  several  structural 
materials  projected  for  use  in  the  High  Temperature  Gas-Cooled  Reactor  (HTGR) , Fast  Breeder 
Reactor  (FBR),  and  the  Brayton  Isotope  Power  .System  (BIP3).  Comparisons  were  made  between 
predictions  and  data  generated  under  isothermal  and  uniaxial  loading  conditions  for 
annealed  2 1/A  Cr-1  Mo  3teel  (A82— 1 538°C) , type  316  stainless  steel  (593°C)  in  both  the 
Irradiated  and  unirradiated  conditions,  and  solution  annealed  llastelloy  X (871  and  70A°C). 
Iri  the  case  of  2 1/A  Cr-1  Mo  steel,  extrapolation  of  cyclic  peak  and  relaxed  stress  ranges 
was  performed  by  several  different  methods  1 ri  order  to  predict  the  shape  of  hysteresis 
loops  resulting  from  both  high  and  low  strain  range  loading  conditions  such  that  the 
Inelastic  strain  ranges  necessary  for  use  in  the  method  of  3tralnrange  partitioning  could 
be  estimated.  These  values  were  then  employed  to  develop  fatigue  life  reduction  factors 
as  a function  of  hold  time  for  several  different  l3o-straln  range  loading  conditions. 

The  effort  reported  herein  represents  an  interim  report  of  ongoing  test  activity  and 
evaluation  of  several  different  methods  for  extrapolating  and  correlating  uniaxial  time- 
dependent  fatigue  data. 


EXPERIMENTAL  MATERIALS  AND  PROCEDURE 


Annealed  2 1/A  Cr-1  Mo  Steel 

Material  U3ed  in  generating  much  of  the  data  reported  herein  was  taken  from  commercial 
heats  of  2 1/A  Cr-1  Mo  steel.  This  consisted  of  25-mm-thlck  ( 1— in . ) plate  obtained  from 
Babcock  and  Wilcox  Company,  heats  20017  arid  3P5601.  Chemical  analyses  of  representative 
material  from  the  plates  are  compared  in  Table  I;  other  data  are  in  Table  1 1 * (see  Footnote  on 
next  page) 
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Table  II.  Product  Form  and  Grain  Size  of  Alloys 
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Sections  of  the  plates  were  heat-treated  according  to  the  following  schedule,  which 
Is  referred  to  as  an  isothermal  anneal : 

Austenitize  at  927  * lA°C  for  1 hr,  cool  to  70h  ± 1A“C  at  a maximum  cooling 
rate  of  83*C/hr,  hold  at  70h  * 1A°C  for  2 hr,  and  cool  to  room  temperature 
at  a rate  not  to  exceed  6°0/mln. 

Examination  of  the  microstructure  of  the  plate  material  Indicated  that  the  steel  contained 
proeutectold  ferrite,  fine  pearllte  and  some  balnlte. 


Haste  Hoy  X 


Specific  details  concerning  the  product  form,  heat  number,  grain  size,  and  chemical 
composition  of  the  Hastelloy  X are  given  In  Tables  I and  II. 

Type  jl6  Stainless  Steel 

Type  316  stainless  steel  referred  to  In  this  Investigation  came  from  Heat  B65808. 
Specific  details  are  given  In  Tables  I and  II. 


Specimen  Proparatl on 

Following  heat  treatment,  a3  given  above,  specimen  blanks  of  either  2 1/h  Cr-1  Mo 
steel  or  Hastelloy  X were  cut  from  the  plate  material.  Blanks  were  generally  prepared 
such  that  their  longitudinal  axis  was  parallel  to  the  plate  rolling  direction.  Fatigue 
specimens  had  an  hourglass-shaped  gage  section  configuration  with  a radlus-to-diameter 
ratio  (R/D)  of  6.  The  minimum  diameter  of  the  fatigue  specimens  was  either  6.35  mm 
(0.25  In.)  or  5.08  mm  (0.2  In.). 


In  the  case  of  type  316  stainless,  all  the  data  were  taken  from  the  open  literature 1-3 
and  no  new  tests  were  performed.  Data  were  available  from  tests  that  had  been  conducted 
on  type  316  stainless  steel  In  three  conditions: 

Condition  Treatment 

Solution  annealed  Solution  annealed  1/2  hr  at  1075°C 

followed  by  a helium  quench 


Aged  Aged  3096  or  50*10  hr  at  593°C  In  helium 

filled  capsules  or  aged  1000  hr  at  565°C 

Irradiated  Irradiated  In  helium  filled  capsules  in 

Experimental  Breeder  Reactor  II  to  a 
fluence  of  1-2.63  * 1026ri/m2  (E»0.1  MeV)- 
The  Irradiation  temperature  was  580  to 
6l0°C. 


( hrinical  compositions,  material  processing,  heat  treatments  anil  mechanical  properties  lor  each  tested  alloy,  as  well  as  the  data 
generated  in  the  piogramme,  are  given  in  Appendix  A I 
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Test.  I rociluc 1 


Fully  reversed  axial  push-pull  testing  was  accomplished  In  closed-loop  electro- 
hydraulic  fatigue  test  machines.  Axial  strain  control  was  maintained  by  employing  a 
diametral  extensometer  and  a simple  dlametral-to-axlal  strain  computer.  Total  strain 
range,  was  thus  determined  by  the  relation 

At  ^ = (Aa/£)(1  - 2v)  - PAe  , , (1) 

where  £'  Is  Young' s modulus , v Is  Poisson's  ratio,  Aej  Is  the  diametral  strain  range,  and 
Ao  Is  the  peak-to-peak  stress  range  from  the  hysteresis  loops.  Heating  of  the  specimens 
was  accomplished  by  Induction  and  all  testing  was  accomplished  In  air.  Additional  details 
of  test  procedure  can  be  found  elsewhere. ^ 

In  addition  to  the  continuous  cycling  and  strain  hold  time  tests  which  were  generally 
conducted  at  a ramp  strain  rate  of  A * 10~Vs,  a number  of  cyclic  creep  tests  were 
conducted  to  verify  some  of  the  basic  strain  range  life  relationships  for  annealed 
2 1/1)  Cr-Mo  steel.5  These  tests  were  conducted  In  air  at  538°C  and  used  a bumpless 
transfer  computer  system,  which  kept  the  test  in  strain  control  for  a given  cycle  except 
during  the  hold  period,  when  the  test  was  in  load  control.  Switching  from  strain  control 
to  load  control  occurred  at  the  onset  of  the  hold  period,  when  a predetermined  load  was 
achieved,  while  switching  from  load  control  to  3train  control  occurred  at  the  end  of  the 
cycle  hold  period  when  a predetermined  strain  level  was  obtained.  Creep  deformation  thus 
occurred  each  cycle  and  showed  a general  acceleration  In  creep  rate  as  the  cycles  were 
continued  toward  specimen  failure. 


RESULTS 


Annealed  2 1/A  Cr-1  Mo  Steel 


Results  of  the  cyclic  creep  tests  on  annealed  P 1/A  Cr-1  Mo  steel  are  given  in 
Table  III.  A visual  comparison  of  the  cyclic  creep  curves  generated  for  heat  3P5601  at 
the  same  stress  level  for  two  specimens  tested  with  either  tension  or  compressive  creep 
hold  periods,  Indicated  similar  creep  rates  in  tension  and  compression.  However,  for 
heat  20017  generally  higher  creep  rates  in  tension  than  in  compression  were  observed. 
Compressive  cyclic  creep  rates  of  heats  3P5601  and  20017  were  similar  for  equivalent 
stress  holds. 


Table  III.  Summary  of  Cyclic  Creep  Data  for  2 1/A  Cr-1  Mo  Steel  Generated  at  538°C 
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Results of  the  cyclic  creep  tests  given  In  Table  III  and  strain  controlled 
relaxation  tests6>7  were  combined  with  the  results  of  Manson  et  al.4  to  form  the  life 
relationship  lines  via  the  Interaction  damage  rule  given  by: 


i F 

—1 — = 

Npred  Npp 


+ 


V U IP 

-E£.  + F-2dL  + FS°. 

N N N ' 

pa  ap  a a 


(2) 


where 
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PP 
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the  predicted  cyclic  life. 
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Ae£„  Is  the  total  Inelastic  strain  range  while  the  Inelastic  strain  components  are  defined 
as  follows : 


Here  " 
strain 
lines 


Atpp  = tensile  plastic  strain  reversed  by  compressive  plastic  strain, 

A t = tensile  plastic  strain  reversed  by  compressive  creep  strain, 

Ac^  = tensile  creep  strain  reversed  by  compressive  plastic  strain,  and 

Ac  = tensile  creep  strain  reversed  by  compressive  creep  strain. 


plastic"  strain  Is  defined  as  time-independent  Inelastic  strain,  while 
Is  defined  as  time-dependent  Inelastic  strain.  Equations  for  the  life 
thus  obtained  were  as  follows: 


"creep" 

relationship 


N - 255Ae  • " 

op  in 

1.777 

» 

(3) 

N = 450  Ae  . ” 

oo  in 

1.24 

> 

(4) 

N = 386ae . - 

po  in 

1.07 

(5) 

pp 

* 52 lAe . -2.67, 
in 

Ae  . < 0.4 5%  , 

i n 

(6) 

pp 

= l648Ae  . -1-24, 

in  * 

Ae  . > 0.45*  , 

m ’ 

(7) 

where  A cfn  values  are  measured  In  percent.  It  should  be  noted  that  In  formulating  the 
best  fit  life  relationship  lines  expressed  by  Eqs.  (4—7),  all  cyclic  creep  and  relaxation 
data  were  employed  even  though  the  particular  damage  strain  fraction8  for  a given  test, 
e.g. , 0 = (Foc) (N0bg/Nao)  > 0.5  for  a "ac"  cycle,  was  not  obeyed.  In  the  case  of  the 
strain  controlled  relaxation  tests,  particularly  those  conducted  at  low  total  strain 
ranges,  which  was  our  particular  Interest,  the  most  dominant  inelastic  stralnrange  was 
always  A t.„.  However,  It  was  thought  appropriate  to  Include  the  strain  controlled  data 
In  these  formulations,  since  our  purpose  was  to  generate  guideline  relationships 
appropriate  for  design  conditions  referred  to  in  the  Introductory  section  of  this  paper. 

Equations  (6)  and  (7)  indicate  that  In  the  case  of  the  Npp  = /(Ae^,,)  relationship, 
expressed  In  log-log  coordinates,  a bilinear  relationship  was  most  appropriate.  Reasons 
for  the  break  In  the  otherwise  linear  relationship  on  log-log  coordinates  have  been 
discussed  elsewhere.7  A comparison  of  the  formulations  given  In  Eqs.  (3)  through  (7) 
with  the  appropriate  formulations  for  this  material  as  originally  proposed  by  Manson  et  al.4 
generally  showed  good  agreement.  An  example  of  such  a comparison  and  Including  actual 

data  Is  shown  for  the  N -Ac.  relationship  In  Pig.  1. 

ca  m 

Unlike  comparisons  between  cyclic  relaxation  and  cyclic  creep  data  made  with  the 
other  life  relationship  lines,  omitted  for  brevity.  Pig.  1 also  shows  that  the  results 
of  the  strain  controlled  or  cyclic  relaxation  tests  fell  somewhat  below  those  of  the 
cyclic  creep  tests.  Therefore,  as  of  this  writing,  It  remains  an  open  question  as  to 
whether  or  not  the  re~ult3  obtained  to  date  represent  normal  scatter  or,  Indeed,  that 
an  additional  formulation  Is  required  to  be3t  characterize  the  strain  controlled  "ao" 
type  of  loading. 

With  the  life  relationships  thus  established,  the  objective  was  to  develop,  for 
fully  rever-sed  loading,  estimates  of  the  reduction  In  cyclic  lifetimes  due  to  Increasing 
hold  periods  (times)  In  strain  controlled  situations  over  the  temperature  range  of 
482  to  538°C.  This  estimation  can  be  accomplished  via  the  method  of  stralnrange 
partitioning  If  satisfactory  approximations  of  the  hysteresis  loops  appropriate  for  a 
given  3train  range  and  hold  time  can  be  made.  Plgure  2 shows  an  example  of  the  changes 
In  hysteresis  loops  that  normally  occur  for  a given  3traln  range  and  with  Increasing 
tensll<-  only  hold  times  at  elevated  temperatures.  If  one  can  estimate  or  measure  the 
appropriate  steady  3tat.e  or  stabilized  stress  ranges  Aoj,  Ao2,...  ao£  and  associated 


total  amount  of  stress  relaxation,  l.e.,  Ao,., , Ao/.,, , . . . Aor^  for  increasing  hold  periods 
t i , then  the  key  features  of  the  proposed  hysteresis  loops  and  associated 

inelastic  strain  ranges  can  be  calculated. 


i'lg.  1.  Strain  Range  Life  Relationship  Lines  for  "ea"  Strain  for  2 1/A  Cr-1  Mo  Steel. 
Solid  line  indicates  best  l'it  of  the  data,  while  the  dashed  line  is  the  original  line 
proposed  by  Manson  et  al.  The  ±2  Standard  Error  of  the  Estimate  lines  are  also  shown. 
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Pig.  2.  Schematic  Diagram  of  a Typical  Strain-Controlled  Hysteresis  Loop  Showing 
Changes  in  Stabilized  Stress  Ranges  that  Occur  at  a Constant  Strain  Range  with 
Increasing  Hold  Time. 


The  first  step  taken  was  to  estimate  total  stress  ranges  (Ao)  associated  with 
particular  hold  periods,  strain  ranges,  and  temperatures.  Tills  was  accomplished  using 
the  available  data  base  and  extrapolating  graphically  on  semi-logarithmic  coordinates 
(stress  range  versus  time).  It  was  also  found  that  log-log  coordinates  could  be  used. 
Estimates  of  the  relaxed  stress  amplitude  (o)  from  the  peak  stress  amplitude  (o0  = A<j/2) 
can  be  made  in  a number  of  ways  as  follows: 

1.  employing  the  Glttus  Relaxation  Equation 

ln(o0/o)  * Ctm  , (8) 

where  C and  m are  constants  for  a given  strain  range  and  temperature  and  are 
determined  experimentally,  and  t is  the  required  time  for  relaxation  from  a0  to  o, 

2.  using  an  appropriate  creep-equation  to  predict  relaxation  behavior,9 

1.  using  isochronous  cyclic  stress  relaxation  curves  for  the  material  Involved,  and 
A.  graphical  extrapolation  from  known  values  of  oj. 

In  tiie  case  of  estimating  the  time  dependent  fatigue  behavior  of  2 1/A  Cr-1  Mo  steel 
only  the  first  two  methods  were  employed. 
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Hypothetical  hysteresis  loop  Inelastic  time  dependent  and  Independent,  strain  range 
values  were  then  calculated  using  the  following  equations  (assuming  zero  mean  stress): 

1.  Compress  1 ve  or  Tens  1 le  on  ly  Hold  Periods 


At 
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t. 

(9) 
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i n 
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(13) 

pc 

op 

/• 

where  At  i , At in,  Ate  are  the  total,  Inelastic,  and  elastic  strain  ranges,  respectively, 
and  E Is  Young's  Modulus. 

?.  Compress  1 ve  and  Tens  1 le  Hold  Periods  of  Equal  Duration 

At  . = Ac  + At  , ( Id! ) 

t n pp  aa 

At.  - At.  ( Ao  - 2Ao  )/E  - At  2a/  E , (15) 

in  t r t 

At  = A a /E  = ( a o o )/E  . ( 1 6 ) 

aa  v 


Estimating  the  relaxed  stress  range,  Aor,  and  hence  the  Inelastic  strain  components 
In  the  above  manner  obviously  Introduces  some  uncertainty.  Accordingly,  estimated  Ao,. 
values  were  multiplied  by  an  arbitrary  factor  of  1.2  as  a first  approximation  to  the 
possible  uncertainty  and  In  an  effort  to  see  the  Impact  of  this  variation  at  various 
strain  ranges  and  modes  of  damage,  e.g. , "pc,"  "op,"  and  "au." 

figures  ) and  A then  show  predictions  of  the  Influence  of  Increasing  the  duration  of 
compressive  hold  times  to  100  hr.  Imposed  each  cycle,  on  the  hold  time  reduction  factor, 
Nf°/Nh , at  a temperature  of  A8?°G'.  The  hold  time  reduction  factor  la  simply  defined  for  a 
given  strain  range  as  the  cycle  life,  Nr° , of  a continuously  cycled  specimen  for  which  the 
strain  rate  was  U * 10-3/:;  divided  by  the  estimated  cycle  life,  Nf  , for  the  Indicated  hold 
time.  figure  3 shows  estimates  for  a single  strain  range,  l.e.,  0.8%,  arid  for  the  two  heats 
of  ;■  1/8  Cr-l  Mo  steel  under  Investigation.  Two  bands,  shown  by  the  slashed  lines,  the 
width  of  which  Is  defined  by  1.2  or  1.0Aor,  are  shown  since  these  heats,  l.e.,  3ln)6ol  arid 
20017,  characteristically  show  different  high  cycle  fatigue  endurance  levels  at  this 
temperature  and  strain  range.  Also  shown  for  comparison  purposes  are  results  of  actual 
strain  controlled  fatigue  testa  conducted  with  the  Indicated  compressive  hold  periods. 
Estimates  of  the  amount  of  stress  relaxation,  Ao,,,  projected  for  the  stabilized  hypothetical 
hysteresis  loops  were  achieved  by  using  the  Glt.tus  equation  to  establish  the  relaxed  stress 
amplitude  (o).  The  required  Oltt.us  equation  constants  were  obtained  from  an  analysis  of 
some  of  the  experimental  data  shown  in  these  figures.  Also  shown  by  the  dashed  line  Is  an 
estimate  of  the  approximate  duration  of  hold  period  required  to  cause  failure  In  250,000  hr 
at.  that  strain  range,  e.g.,  (35  hr  hold  per  eye le ) (289 ,868  cycles  or  continuous  cycle 
llfe)/(80  hold  time  reduction  factor  for  35  hr  hold)  = 253,638  hr. 
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fig.  3.  Comparison  of  Measured  and  Predicted  Hold  Time  Reduction  factors  for 
2 1/4  Cr-l  Mo  Steel  Subjected  to  Compressive  Hold  Times  at  882°C. 
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Fig.  Comparison  of  Measured  and  Predicted  Hold  Time  Reduction  Factors  for 

2 1/4  Cr-1  Mo  Steel  Subjected  to  Compressive  Hold  Times  at  ()82°C. 

Figure  show::  additional  comparisons  between  experimental  results  from  both  heats 
of  2 l/h  Cr-1  Mo  steel  for  compressive  hold  times  and  predicted  estimates  for  total  strain 
ranges  of  2,  1.0,  arid  0.8?.  No  distinction  between  heats  is  made  in  Fig.  Jt  since  similar 
behavior  was  indicated  at  these  strain  ranges.  Characteristically,  the  width  of  the 
estimated  predictive  band  increases  with  decreasing  strain  range.  Both  Fig.  3 and  1) 
show  good  agreement  between  estimated  and  actual  hold  time  reduction  factors. 

Figures  0 and  6 show  similar  results  for  behavior  at  ,l82°C  for  various  strain  ranges 
involving  tensile  and  both  tensile  and  compressive  hold  times  respectively.  In  Fig.  6 
the  arrows  associated  wtlh  several  of  the  data  points  indicate  points  where  failure  would 
be  predicted  to  occur  from  a knowledge  of  the  stabilized  hysteresis  loop  for  that 
particular  test. 


Fig. 


Comparison  of  Measured  and  Predicted  Hold  Time  Reduction  Factors  for 


2 1/4  Cr-1  Mo  15  tee  I Subjected  to  Hold  Tensile  Times  at  'lfi2*C. 
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fig.  h.  Comparl aori  of  Measured  :mrl  Predicted  Hold  Time  Reduction  (''actors  for 
/ l/(i  C'r-1  Me  :;tee  1 .Subjected  to  Both  a Tensile  and  Compressive  Hold  Time  of  ivjual 
Duration  at  iif!20c. 

figures  7 and  8 taken  as  representative  examples,  show  similar  comparisons  between 
experimental ly  generated  strain  controlled  fatigue  data  obtained  at  538°C  and  predictions 
based  on  estimates  of  stress  values  from  hypothetical  hysteresis  loops.  At  tills 
temperature,  however,  estimates  of  the  relaxed  stress  amplitude,  o,  and  hence  the 
t"  laxed  stress  range,  Ao  , were  made  by  two  different  methods.  The  first  method  employed 
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PI K*  7.  Comparison  of  Measured  arid  Predicted  Hold  Time  Reduction  factors  for 
P 1/^  Cr-1  Mo  3teel  Subjected  to  Compressive  Hold  Times  at  538  °C.  Relaxation  behavior 
predl  ct.pd  by  both  the  ORNI*  creep  and  Clttus  equations. 
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Fig.  8.  Comparison  of  Measured  arid  Rredlctod  Mold  Time  Reduction  Factors  Cor 
2 1/8  Mr-1  Mo  Htee  1 Subjected  to  Moth  a Tens  lie  arid  Compressive  Mold  Time  of  Kqual 
Du r a 1 1 on  a t b i 8 °C . 


the  dittos  equation  with  appropriate  constants  and  was  Identical  lri  format  as  previously 
explained  for  the  hH?"C  estimates.  The  second  method  Involved  use  of  the  OHND  creep 
equation  for  this  material  as  recently  developed  by  Booker . 9 In  the  latter  method  of 
estimating  relaxed  stress  amplitudes,  the  resultant  predictions  are  Independent  of  the 
test  data  used  for  comparison  purposes  except  for  estimation  of  the  peak  stress  range 
values,  Ac,  which  were  obtained  as  explained  previously. 

Characteristically,  the  Booker  creep  equation  tends  to  underpredlot  the  amount  of 
relaxation  that  occurs  In  the  first  portion  of  a relaxation  test  while  the  (I!  thus  equation 
may  actually  predict  more  relaxation  than  occurs  for  long  hold  periods.  Hence,  estimates 
obtained  by  these  two  methods.  In  this  ease  were  used  to  serve  as  arbitrary  upper  arid  lower 
bounds  to  the  resultant  predictive  estimates  of  hold  time  reduction  factors.  Figures  V 
and  8 show  a tendency  towards  convergence  for  the  two  methods  as  the  hold  times  approach 
100  hr. 


Haste) Joy  / 

Results1*  of  continuous  cycling  strain  controlled  fatigue  test  conducted  over  the 
temperature  rang'  of  Ml  9 to  8yi°C  showed  that  the  low  cycle  (80  to  about  i ' ID3  cycles) 
fatigue  life  ,f  ltd:;  material  was  essentially  Independent  of  temperature.  However,  from 
about  1 ' 1 0 * to  10''  eyrie;;  this  same  net  of  data  Indicated  a temperature  dependence  of 
fatlr.u'  Ilf'  with  the  87 1°C  data  falling  somewhat  below  that  of  the  M9°C  data.  These 
findings  suggest,  that  a single  temperature  Independent  relationship  between  cycle  life-  of 
Wp.  and  plastl'1  strain  range  or  time  Independent  Inelastic  strain  range,  At£„,  Is  appro- 
priate particularly  In  the  1 < , w cycle  region  over  this  temperature  Interval.  Indeed,  when 
a plot  of  plastl"  strain  range  versus  cycle  life  was  prepared  as  shown  In  Fig.  0,  this  was 
found  to  he  the  easi  . Data  a re  plotted  from  tests  conducted  at  two  strain  rates  which 
Indicate  that  cycle  Ilf'  Is  Independent  of  strain  rate  for  strain  rates  equal  to  or  lri 
excess  of  t x 1 0- Vs . Figure  9 also  shows  that  characteristically  the  scatter  In  the  data 
lner'-asec  with  decreasing  Inelastic  strain  range. 


Currently,  results  are  available  from  both  continuous  cycling  fatigue  teats  as 
shown  lri  Fig.  9 and  .from  strain  controlled  hold  tlrri"  tests.1*  However,  the  required  cyclic 
creep  tests  have  riot,  been  con dueled  ho  date  such  that  the  other  three  required  life  rela- 
tionships could  he  formulated  directly  from  applicable  experimental  data.  However, 
recently  Halford  > t a l . 1 13  have  proporv-d  a set  of  ductility  normalized  equations 
I "Uril  vernal " ) . These  equations  can  bev*ised  lri  the  absence  of  experimental  data  In 
cori,Juri"hton  with  the  Interaction  damage  "’Rule  to  obtain  an  estimate  of  time-dependent  fatigue 
life  of  a re-w  material  for  which  the  required  life  relationships  were  not  or  only  partially 
available.  Using  the  /V.,p  relationship  given*  In  Fig.  9 and  the  other  three  general  Halford 
equations  the  four  required  life  relations!)  lp'yquat  Ions  are  as  follows: 
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Pig.  9.  Plastic  Strain  Range  (Aej„)  Versus  Cyclic  Life  ( N ) for  a Single  Heat  of 
Hasteiloy  X.  Indicated  strain  rates  (e)  are  In  units  of  s_1 . PP 


where  the  time  Independent  and  dependent  Inelastic  strain  ranges,  l.e.,  Ae£k  or  Atpp  , 

Atpo,  Aeoc.,  and  Atgp  are  In  percent.  0„  and  are  true  fracture  tensile  and  creep- rupture 
ductilities  respectively.,  l.e.,  D = - ln(l  - R.A./ 100)  where  /?./!.  is  the  reduction  of  area 
given  In  percent. 

Tensile  ductility  as  a function  of  temperature  Is  shown  for  Hasteiloy  X along  with 
several  other  alloys  In  Pig.  10.  Interim  results  of  ongoing  creep-rupture  tests  now  In 
progress  a re  given  In  Pig.  11  and  show  available  creep-rupture  ductilities.  Results 
presented  In  Pigs.  10  and  11  show  a ductility  minimum  In  the  temperature  regime  of  about 
500  to  700*0,  which  Is  also  strain  rate  dependent. 
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Pig.  10.  Tensile  Ductility  of  Several  Superalloys.  Tensile  strain  rates  were 
O.AH/mln. 
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Fig.  11.  Creep-Rupture  Ductility  as  a Function  of  Time  for  Haste! loy  X Tested  at 
Several  Temperatures . 


Limited  data  from  strain  controlled  fully  reversed  fatigue  tests  conducted  with  various 
hold  periods  are  available  from  tests  conducted  at  704  arid  87]°C.1*  The  total  test  time  for 
each  of  these  tests  did  not  exceed  several  hundred  hours,  however,  and  most  of  the  data  were 
generated  at  fairly  high  strain  ranges,  l.e.,  2.0  and  O.C%.  Appropriate  ductilities  then 
used  for  estimating  the  cycle  lives  of  these  tests  were  as  follows: 

Temperature , °C  Tensile  Ductility,  Creep  Ductility, 

R.A.  , % R.A.  , % 

704  37  50 

871  88  60 

Comparisons  of  actual  versus  predicted  fatigue  life  for  the  available  teat  data  are  given  lri 
Fig.  IF.  While  test  times  as  Indicated  above  were  short,  the  fatigue  life  reduction  factors 
due  to  hold  periods  fairly  small,  and  the  data  presently  available  limited,  good  agreement 
between  actual  and  predicted  fatigue  life  Is  apparent. 

Type  j 1 6 Mtalnless  Mteel 

Time  independent  Inelastic  strain  range,  At t-„  or  A tpp,  versus  associated  cyclic  life, 
Rpp , values  are  plotted  In  Fig.  13  for  three  conditions  oT  a single  heat  of  typ<  316  stain- 
less steel.  .Specific  treatments  given  this  material  prior  to  testing  were  cited  earlier 
In  this  paper.  All  of  the  data2*'  shown  In  Fig.  13  were  generated  from  continuous  cycling 
strain  controlled  tests  conducted  at  593°C  at  a strain  rate  of  4 » 10-3/s.  The  effect  of  a 
pre-aging  thermal  treatment  (3096  or  5040  hr  at  593°C)  was  to  displace  the  high  cycle 
» portion  of  the  solution  annealed  curve  upward,  thereby  also  changing  the  slope  of  the  aged 

relationship  In  comparison  to  the  solution  annealed  line.  Identical  tests  recently 
conducted  at  59  i°(.'  on  other  heats  of  type  316  stainless  steel  In  the  solution  annealed  and 
aged  condition  have  also  verified  this  aging  effect.  1 2 * 1 3 A comparison  of  the  equation 
given  In  Fig.  13  for  solution  annealed  material  was  also  made  with  test  results  generated 
ori  heat  1169808  In  the  solution  annealed  condition  by  two  other  laboratories.13  These  data, 
however,  were  generated  at  565°C  and  showed  excellent  agreement  indicating  little  temper- 
ature dependence  or  Inter-laboratory  variation  over  this  range. 

, Mince  the  other  three  required  life  relationship  expressions  for  this  heat  of  material 

have  not  been  generated  to  date.  It  was  necessary  to  again  use  the  ductility  scaling 
concept.  Maltsman  and  Halford1''  have  established  the  required  relationships  for  another 
heat  of  type  316  stainless  steel  at  704°C.  Accordingly,  the  required  relationships  for 
test  waveforms  Involving  either  tensile  of  compressive  holds  expressed  In  terms  of 
appropriate  ductility  scaling  factors  are  as  follows: 
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N 

/"• 


<p  w°c/n  70l,OC)65.88At  , 
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(21) 


(22) 


when  a.  ..  and  At.,,,  iiri'  fjiuvsaed  In  percent  and  D„  and  !>,.  arc  the  appropriate  tensile  and 
creep  ductilities,  respectively. 

Appropriate  ductilities  for  use  lit  K<]s.  (21)  and  (22)  as  obtained  from  the  literature 
are  riven  In  Table  IV.  Tensile  ductility  of  another  heat  (65805)  of  type  lit  stainless 
steel  was  Included  In  Table  IV.  It.  showed  similar  behavior  with  respect  to  thermal  ar.lnr, 

1 1 ■ .'ii|  .arisen  n heat  lv. 1 ' oh  1 . • . , a .|ee  peas<  In  l a -ns  1 1 <■  ductility  upon  aging . 


Table  IV. 

Tensile  and 
Type 

Creep  Ductilltl 
316  Stainless  S 
59  3 and  Y 0 4 0 C 

es  of  Several 
teel  at 

Heats  of 

Heat 

Temperature 

Condi tlon 

Reduct  Ion 

of  Area,  % 

(°C) 

Tensi le 

Creep 

NASA 

70i| 

fj  14  ( 1 0 ) 

77(10) 

B65808 

59  3 

Irradiated 

29(2) 

3(15) 

B65808 

593 

Annealed 

62(3) 

19( 1 s) 

B65808 

593 

Aged3 

47(2) 

19b 

65805 

593 

Annealed 

72 

65805 

593 

Aged0 

61 

a5040  hr  at  593°C  In  helium. 

^Assumed  to  be  the  same  as  annealed. 
’'5000  hr  at  593°C  vacuum. 


Isothermal  tensile  and  creep  ductilities  for  heat  65808  are  plotted  as  a function  of 
strain  rate  In  Pig.  111.  Ductilities  for  heat  8092297  are  given  for  comparison  purposes 
only.  Tensile  and  creep  ductilities  are  particularly  strain  rate  sensitive  over  the 
temperature  range  of  538  to  649°C  as  shown  by  the  comparisons  for  these  two  heats  of  type 
316  stainless  steel. 
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MINIMUM  CREEP  RATE  AND/OR  TENSILE  STRAIN  RATE  (min'1) 


Fig.  14.  Ductility  of  several  Heats  of  Type  316  Stainless  Steel  as  a Function  of 
Temperature  and  Strain  Rate  for  Irradiated  and  llnlrradlated  Type  316  Stainless  Steel. 
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Using  the  ductilities  Riven  In  Table  IV,  the  expressions  for  N.,.,  p;lveri  In  Pig.  13, 
Eqs.  (.’1)  and  (3^),  and  the  Interaction  damage  rule,  estimates  were  performed  of  the 
fatigue  life  of  test  data  given  In  the  literature.1-3  Comparisons  between  actual  and 
predicted  cyclic  lifetimes  for  test  data  available  on  heat  B65808  Involving  either  tensile 
or  compressive  only  hold  times  are  shown  In  PI g.  15.  Particularly  good  agreement  between 
actual  and  predicted  cyclic  lives,  considering  the  many  assumptions,  Is  apparent  for  the 
Irradiated  material  data. 
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Pig.  15.  Comparison  of  Predicted  Cyclic  Lifetimes  Based  on  Strain  Range  Partitioning 
Versus  Actual  Cyclic  Lifetimes  for  Type  316  Stainless  Steel  In  Several  Conditions.  All 
tests  were  conducted  at  565  or  593°C. 


DISCUSSION 


Annealed  ? I/A  Cr-1  Ho  Steel 

As  was  stated  Initially,  the  objective  of  this  paper  was  to  evaluate  the  method  of 
stralnrange  partitioning  as  a predictive  tool  for  estimating  time  dependent  fatigue 
behavior  of  several  materials  primarily  at  low  strain  ranges  and  for  long  hold  periods. 

In  the  case  of  annealed  ? 1/1)  Cr-1  Mo  steel,  this  was  accomplished  via  hold  time  reduction 
factor  versus  duration  of  3trairi  hold  time  plots  (Figs.  3-8)  since  the  method  not  only 
permits  a direct  comparison  between  predictions  and  available  laboratory  data,  but  al30 
allows  extrapolation  to  hold  periods  that  are  appropriate  to  the  design  of  nuclear  reactor 
systems.  Further,  plot3  of  this  type  have  been  used  historically  by  the  formulators  of 
t ACME  Code  Case  1592  In  establishing  elastic  analysis  curves  for  time  dependent  fatigue 

behavior. 

In  the  authors'  view,  the  method  of  stralnrange  partitioning  was  effective  In  pre- 
dicting the  general  data  trends,  particularly  for  the  compressive  strain  hold  data 
(Flg3.  3,  , arid  7)  apparently  the  most  damaging  mode  of  loading  for  this  material  at  low 
strain  ranges.  Overall,  the  method  was  found  to  work  very  well  when  the  various  life 
relationships  [Eqs.  (3-7)1  were  accurately  known. 

Evaluation  of  strain  controlled  situations  at  low  strain  ranges  usually  requires  extra- 
polating the  essentially  load  controlled  or  cyclic  creep  formulated  life  relationships, 
l.e.,  N,,p , Np0 , and  Noa,  down  to  low  Inelastic  strain  values.  The  available  strain 
controlled  data  suggest  that  little  error  was  Introduced  In  extrapolating  the  Npo  relation- 
ship ( Eq . (5)).  However,  In  the  case  of  "as"  type  loading,  extrapolating  Eq.  (M)  may 
Introduce  considerable  error  resulting  In  predicting  excessive  fatigue  life  as  shown  by 
the  fact  that  all  of  the  available  strain  controlled  data  lie  to  the  left  of  the  "oa"  life 
relationship  line  given  In  Pig.  1.  This  suggests  that  either  two  relationships  may  be 
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appropriate,  l.e.,  one  for  strain  and  the  other  for  load  controlled  situations,  or  that 
the  data  scatter  Is  particularly  large  and  additional  data  are  required  to  modify  the 
existing  1 1 f'i-  relationship  (Kq.  ( h ) ] . In  the  case  of  "pp"  damage,  it,  was  shown  that  two 
equations  [Eqs.  (6  7)]  were  required.  In  an  effort  to  further  substantiate  this  finding, 
continuous  cycling  fatigue  tests  were  conducted  on  an  additional  heat  (heat  (>0*557)  of 
2 I/1)  Cr-1  Mo  steel.  This  heat  contained  a fairly  low  carbon  content  (C  = 0.026),  but  the 
results  verified  the  bilinear  "pp"  relationship  as  plotted  on  log-log  coordinates.  Data 
from  this  heat  generally  scattered  throughout  the  existing  Np.,  life  relationship  data 
Indicating  that  Eqs.  (6  arid  7)  were  appropriate  for  the  low-carbon  heat  as  well. 

Another  problem  area  associated  with  the  method,  and  for  that  matter  any  method.  Is 
that  of  defining  the  appropriate  stress  ranges,  l.e.,  peak  and  relaxed,  after  long  hold 
periods  at  low  strain  ranges.  Indeed,  the  material  may  not  even  exhibit  a stabilized 
hysteresis  loop  that  Is  repeated  from  one  cycle  to  the  next  after  an  Initial  period  of 
cyclic  hardening  or  softening.  This  was  found  to  be  the  case  for  heat  20017  which  exhibited 
cyclic  softening  during  much  of  the  cyclic  life  at  low  strain  ranges.7 

Defining  the  minimum  strain  range  below  which  essentially  no  stress  relaxation  occurs 
after  prolonged  hold  periods,  and  hence  rio  time  dependent  fatigue  damage  accrues,  Is  another 
problem  area,  figure  16  shows  an  experimental  stress  relaxation  curve  obtained  after  an 
Initial  period  of  cyclic  hardening  on  heat  3P5601  at  538°C.  The  strain  range  was  0.2?. 
Predictions  of  relaxation  behavior  by  several  different  methods  are  also  given  for 
comparison.  When  this  same  heat  of  material  was  cycled  at  482°C  and  at  a strain  range  of 
0.30?  with  a compressive  hold  period  of  0.01  hr,  no  relaxation  occurred.  Instead,  the 
stress  required  to  maintain  the  strain  a constant  Increased  as  the  data  In  Table  V 
indicate . 


Table  V.  Compressive  Stresses  Required  to  Maintain  a Constant 
Strain  Range  of  0.30?  with  a 0.01-hr  Compressive  Hold 
In  Heat  3P5601  at  482°C. 


Ramp  Strain 
Rate 
(s-1 ) 

Compressive  Stress  Amplitude,  MPa 

Inelastic 

Strain 

Range 

(?) 

Cycle 

Beginning  of  Hold  Period 

hhd  of  Hold  Period 

1)  x 10-3 

193.1 

204.8 

0.08 

405,000 

4 x io-" 

210.3 

220.6 

0.07 

420,000 

4 x 10-3 

196.5 

205.5 

0.08 

438,000 

This  phenomenon  which  Is  ramp  rate  dependent,  as  3hown  above.  Is  thought  to  be  due  to 
dynamic  strain  aging. 
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Cyclic  Relaxation  Behavior  of  2 1/h  Cr-1  Mo  Steel  Held  at  a Constant 
of  0.2?.  Comparisons  of  predicted  behavior  are  also  shown. 


In  making  estimates  of  long  term  time  dependent  fatigue  behavior  of  this  material,  no 
attempt  was  made  to  ductility  normalize  the  life  relationships  to  account  for  a time  depen- 
dent decrease  In  creep-rupture  ductility.  Creep-rupture  ductility  data  available  (Pig.  17) 
for  heat  20017  suggest  that  this  may  not  be  necessary  for  temperatures  in  the  range  of 
1454-5) 0°C.  However,  heat-to-heat  variations  are  apparent  and  for  temperatures  much  above 
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510°C  long  term  estimates,  e.g.,  lifetimes  In  excess  of  10,000  hr,  may  require  a 
modification  factor  to  account  for  a ductility  loss.  Long  term  cyclic  and  monotonic 
tests  are  underway  to  determine  specific  requirements. 


Hastelloy  X 

Comparisons  between  expected  cyclic  life  and  actual  cyclic  life  from  tests  run  to 
date  have  shown  excellent  agreement  (Fig.  12).  However,  teat  times  to  date  have  been 
fairly  short  such  that  reductions  In  continuous  cycle  fatigue  life  due  to  hold  periods 
have  not  exceeded  factors  of  about  four.  Further,  additional  verification  tests  at  lower 
strain  ranges  are  required,  since  the  data  have  shown  Increased  scatter  at  lower  total  and 
Inelastic  strain  range  levels  (Figs.  9 and  12).  Further,  available  creep-rupture  data 
(Fig.  11)  Indicate  a precipitous  drop  In  creep-rupture  ductility  for  test  times  In  excess 
of  about  2000  hr.  Long  term  tests  are  required  to  determine  If  a simple  time  dependent 
ductility  modification  will  Indeed  compensate  for  the  low  creep  ductility. 

Type  j 1 6 Stainless  Steel 

As  wa3  previously  mentioned  and  shown  In  Fig.  19,  rather  good  results  were  achieved 
In  nearly  every  Instance  when  comparisons  were  made  between  actual  and  predicted  lifetimes 
for  material  In  the  Irradiated  condition.  This  occurred  despite  the  fact  that  all  of  the 
material  had  not  been  Irradiated  to  exactly  the  same  fluerice  level.  It  Is  believed  that 
for  this  material  the  Irradiation  conditions  were  such  that  the  reduction  In  ductility 
and  fatigue  life  were  due  primarily  to  the  presence  of  agglomerated  helium  (bubbles)  at 
the  grain  boundaries. 

Comparing  the  relationships  for  versus  ypp  for  type  316  stainless  steel  In 

Fig.  13,  for  the  three  conditions,  l.e.,  annealed,  aged,  and  Irradiated,  considered  herein 
It,  Is  apparent  that  the  data  Indicate  different  slopes.  Scaling  then  In  the  case  of  the 
N.,^  relationships  by  a simple  ductility  modification  from  say  the  annealed  condition  to 
trie  Irradiated  or  the  aged  condition  would  have  resulted  In  some  error,  since  scaling 
displaces  the  relationship  but  does  not  change  the  slope  of  the  life  relationship  line. 

In  the  case  of  the  aged  material,  a prior  thermal  aging  treatment  Increased  the  fatigue 
life  In  the  Intermediate  cycle  regime  ( 1 0 3 to  3 * 101'  cycles)  while  the  short  term 
tensile  ductility  (Table  V)  actually  decreased  somewhat  relative  to  the  material  In  the 
annealed  condition.  Figure  13  Indicates  a croas-over  between  the  /Vpp  relationships  for 
material  In  the  aged  or  annealed  condition  at  about  102  cycles  such  that  the  N„fJ  line  for 
aged  material  lies  above  that  of  the  annealed  material  for  cyclic  lives  lri  excess  of  102. 
Accordingly,  then  a ductility  modification  of  the  annealed  life  relationship  line  to 
establish  one  for  the  aged  material  would  have  actually  displaced  the  "pp"  line  In  the 
wrong  direction  for  cyclic  lives  In  excess  of  about  102  cycles. 

Figure  15  Indicates  that  agreement  between  actual  and  predicted  lifetimes  for  material 
lri  the  aged  and  to  a lesser  extent  In  the  annealed  condition  for  tensile  hold  times  was 
generally  not  as  good  as  that  for  the  corresponding  comparisons  for  material  In  the 
Irradiated  condition.  The  reasons  for  this  Increase  In  scatter  are  not  known,  but  of 
course  may  be  due  to  heat-to-heat  variations  and  the  scaling  assumptions  necessary  to 
obtain  the  required  life  relationship  line,  l.e.,  "op",  given  as  Eq . (21).  Accordingly, 
cyclic  creep  testa  will  be  Initiated  on  this  heat  of  material  at  593°C  to  verify  Eq . (21). 
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A question  that  one  might  logically  ask  In  conjunction  with  the  use  of  the  ductility 
sealing  concept  Is  how  sensitive  are  the  | redicted  cycles  to  failure  to  changes  In  or 
significant  errors  In  the  estimation  of  appropriate  ductilities.  To  at  least  partially 
answer  this  question,  calculations  of  the  predicted  cyclic  lives  were  compared  for  the 
irradiated  stainless  steel  using  thi  actual  creep-rupture  ductility,  l.e.,  H.A.  - 1%  from 
Table  IV,  and  a significantly  higher  value,  l.e.,  H.A.  = ?9X.  Thus  the  creep-rupture 
ductility  was  arbitrarily  assumed  equal  to  the  tensile  ductility  as  given  In  Table  V. 
Actual  cyclic  life  and  predicted  values  using  the  above  creep-rupture  ductilities  are 
compared  In  Table  VI.  These  results  from  calculations  using  the  "Alep"  relationship  for 
Irradiated  material  given  In  Fig.  11,  Eq.  (21),  and  the  I nt. < ruction  damage  rule  Indicated 
that  predictions  were  sensitive  to  the  Input,  ductilities. 


Table  VI.  Comparisons  Between  Predicted  Cycles  t.o  Failure 
Using  Different  Creep-Hupture  Ductilities 
(H.A.)  for  Irradiated  Type  316 
Stainless  Steel3 


Spec  linen 

Total 

Strain 

Range 

(?) 

Durat Ion 
of 

Tensile 
Hold , 
hr 

Predicted  Cycles 
to  Failure 

H.A.  = ]%  H.A.  = 29? 

Actual 

Cycles 

to 

Failure 

D-10A 

1.0 

5.0 

A8 

386 

27 

L>— 108 

2.0 

5.0 

10 

98 

10 

D-109 

1.0 

0.5 

100 

570 

60 

D-113 

2.0 

0.5 

15 

120 

1? 

[>-106 

0.5 

0.1 

1,125 

A ,A09 

757 

D-11A 

1.0 

0.1 

112 

6A9 

88 

'‘‘I'est  temperature  was  593°C. 


CONCLUSIONS 


The  method  of  stralnrange  partitioning  was  employed  to  predict  strain  controlled  time 
dependent  cyclic  life  of  a number  of  structural  materials  including  annealed  2 1/A  Cr-1  Mo 
steel,  Mastelloy  X,  and  Irradiated  arid  urilrradlated  type  316  stainless  steel.  The 
following  are  specific  conclusions: 

1.  Iso-straln-range  hold  time  reduction  factor  versus  duration  of  hold  time  plots 
were  established  for  two  heats  of  annealed  2 1/A  Cr-1  Mo  steel  at  A82  and  538  C.  This 
Influence  of  either  tension,  compression,  or  both  tension  and  compression  strain  holds 
was  estimated  for  dwell  periods  of  up  to  100  hr  on  the  continuous  cycle  fatigue  life. 

A comparison  between  actual  and  estimated  cyclic  lifetimes  (cycles)  generally  showed 
good  agreement,  particularly  In  the  case  of  the  compression  only  strain  hold  situation. 


?.  Whereas  only  one  of  the  four  required  life  relationships  equations  was  directly 
available  for  predicting  cyclic  life  times  (cycles)  for  Mastelloy  X,  ductility  scaling 
or  normalization  provided  the  required  relationships  for  interim  use.  Comparisons 
between  predicted  and  actual  lifetimes  (cycles)  for  relatively  short-term  experimental 
data  generated  at  fairlv  high  strain  ranges  at  both  70A  and  871°C  showed  good  agreement. 

j.  Mood  agreement  between  predicted  and  actual  cyclic  lifetimes  (cycles)  was 
generally  found  for  Irradiated  type  316  stainless  steel.  Agreement  between  actual  and 
predicted  cycles  to  failure  was  not  as  good  for  material  In  the  pre-aged,  l.e.,  up  to 
about  5000  hr  at  593°C,  condition.  The  Increased  scatter  for  aged  material  may  have 
been  due  to  some  uncertainty  In  use  of  the  available  "ep"  life  relationship. 
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A.  Specific  problem  areas  or  uncertainties  lri  the  authors'  view  Identified,  but  which 
not  necessarily  unique  to  stralnrange  partitioning,  which  contribute  to  the  uncertainty 
making  predictions  for  low-strain-range  long  hold  time  situations  were  discussed  and 
as  follows: 

extrapolation  of  life  relationship  equations  to  low  Inelastic  strain  ranges  that  were 
generated  primarily  from  load  controlled  3hort  term  cyclic  creep  tests, 
heat-to-heat  variations  which  cause  differences  In  constitutive  behavior, 
metallurgical  and  strain  rate  Induced  changes  or  Instabilities  such  as  thermal  aging 
response,  strain  aging,  and  creep-rupture  ductility  changes,  and 

endurance  limits  or  strain  ranges  below  which  time  dependent  effects  are  expected  to 


be  non-ex  latent . 


l 


L 


I I h 


other  Important  factors  sucli  a:  nmu lat  1 v*-  da mage  and  environmental  (atmosphere) 
effects  were  not  discussed  1 1 . thl:  paper  hut  will  he  addressed  In  subsequent  reports. 


flt'K.H'  WLKDGMENTE 


The  authors  gratefully  ackm.wl ed(/e  the  assistance  of  h.  K.  Egner  In  conducting  the 
e* per lmenta  1 tests,  R.  W.  Ewlrideman  and  H.  K . dans' ad  for  reviewing  the  paper,  and 
I.lrida  Crol'f  for  typing  the  manuscript. 


rkff.kf.nces 


1.  D.  I,.  Keller',  Progress  on  IMF  h R C l odd  i ng , S I.  run  turn  l and  Component  Materials  Studies 
During  July  l IF/ 1 Through  June  1972,  Final  Report,  Tank  32,  BMI-1928,  Battelle 

Col umbus  Labor a tor  lea. 

2.  C.  H.  Brinkman  and  '1.  E.  Korth,  "Low  Cycle  Fatigue  and  Hold  Time  Comparisons  of 
Irradiated  and  llnlrradlated  Type  11b  .Stainless  Steel,"  Metall,  Trane.,  9,  (March  19/A) 
79c  9*4. 

1.  C . H.  Brinkman,  (1.  K . Korth,  and  R.  H.  Bobbins,  "Estimates  of  Creep-Fatigue 
Interaction  In  Irradiated  and  llnlrradlated  Austenitic  Stainless  Steels," 

Nucl.  Technol.,  16  (October  197?),  297-307. 

A.  C.  H.  Brinkman  et  al.,  Application  of  Haatelloy  X in  Cas-Cooled  Reactor  Systems, 
0RNL/TM-5A05 , Oak  Ridge  National  Laboratory , October  1976. 

5.  S.  Marison,  0.  R.  Halford,  and  M.  H.  Hlrschberg,  Creep-Fatigue  Analysis  by  Strain- 

Range  I’ar ti tioning , NASA  TMX-67838,  NASA-Lewls  Research  Center,  1971. 

b.  C.  R.  Brinkman  et  al . , "Time-Dependent  Strain-Controlled  Fatigue  Behavior  of  Annealed 
2 1/A  Cr-1  Mo  Steel  for  Use  In  Nuclear  Steam  Generator  Design,"  J.  Nual.  Mater., 
(November  1976)  1 8 1 POA  . 

7.  R.  Brinkman  et  al . , Interim  Report  on  the  Continuous  Cycling  Elevated  Temperature 
Fatigue  ami  Subcritiaal  Crack  drouth  behavior  of  2 1/4  Cr-l  Mo  Steel,  ORNL/TM-A'193 , 

(Jak  Ridge  National  Laboratory,  December  1975. 

8.  M.  H.  Hlrschberg  and  0.  R.  Halford,  Use  of  Strainrange  Partitioning  to  Predict 
lligh-Temperature  Low-Cycle  Fatigue  Life,  NASA  TN  D-8072,  NASA-Lewls  Research 
Laboratories,  January  1976. 

9.  M.  K.  Booker,  Interim  Analysis  of  the  Creep  Strain-Time  Characteristics  of  Annealed 
and  l so  thermally  Annealed  2 1/4  Cr-l  Mo  Steel,  ORNL/TM-58 3 1 , Oak  Ridge  National 
Laboratory,  June  1977. 

1 0 . G.  R.  Halford,  J.  F.  Saltsman,  and  M.  H.  Hlrschberg,  Ductility  Normalized  Strainrange 
Partitioning  Life  Relations  for  Creep-Fatigue  Life  Predictions,  NASA  TM-73737, 
NASA-Lewls  Research  Laboratories,  October  1977. 

11.  K.  Natesan  et  al.,  "Effect  of  Sodium  Environment  on  the  Creep-Rupture  and  Low-Cycle 
Fatigue  Behavior  of  Austenitic.  Stainless  Steel,"  presented  at  the  1AEA/1WGFR 
Specialists  Meeting  on  Properties  of  Primary  Circuit  Structural  Materials, 

October  17-21,  1977,  Bensburg,  Federal  Republic  of  Germany. 

1?.  P.  N.  Flagella,  "Effects  of  High  Temperature  Sodium  Exposure  on  the  Mlcrostructural 
and  Time-Dependent  Mechanical  Behavior  of  Type  316  Stainless  Steel,"  presented  at 
the  JAEA/IWGFR  Specialists  Meeting  on  Properties  of  Primary  Circuit  Structural 
Materials,  October  17—21,  1977,  Bensburg,  Federal  Republic  of  Germany. 

13.  D.  R.  Dlercks,  A Compilation  of  Elevated-Temperature  Strain-Controlled  Fatigue  Data 
on  Type  316  Stainless  Steel,  Argonne  National  Laboratory,  to  be  published. 

lA.  J.  F.  Saltsman  and  G.  R.  Halford,  "Applications  of  Strainrange  Partitioning  to  the 
Prediction  of  Creep-Fatigue  Lives  of  Types  30A  and  316  Stainless  Steel,"  presented 
at  the  ASME  Joint  Pressure  Vessel  and  Piping  arid  Petroleum  Mechanical  Engineering 
Conference,  September  19-23,  1976,  Mexico  City,  Mexico. 

15.  A.  Ward,  private  communication,  Westlnghouse  Hanford,  November  1977. 


i 


THE  APPLICATION  OI;  "STRAIN RANGE  PARTITIONING  METHOD"  TO  MIJLTI  AXIAL  CREEP- FAT  I GUI:  INTERACTION 


S.  Y.  Zamrik,  Professor 

Department  of  Engineering  Science  and  Mechanics 
The  Pennsylvania  State  University 
University  Park,  PA  16802 
IJ.S.A. 


ABSTRACT 

The  method  of  strain  range  partitioning  was  applied  to  a series  of  torsional  fatigue  tests  conducted  on 
tubular  304  stainless  steel  specimens  at  1200°F  (649°C) . Creep  strain  was  superimposed  on  cycling  strain, 
and  the  resulting  strain  range  was  partitioned  into  four  components;  completely  reversed  plastic  shear  strain, 
plastic  shear  strain  followed  by  creep  strain,  creep  strain  followed  by  plastic  strain  and  completely 
reversed  creep  strain.  Each  strain  component  was  related  to  the  cyclic  life  of  the  material.  The  paper  des- 
cribes the  experimental  procedure  used  to  achieve  strain  partitioning  and  the  torsional  test  results  are  com- 
pared to  those  obtained  from  axial  tests.  The  damaging  effects  of  the  individual  strain  components  were 
expressed  by  a linear  life  fraction  rule. 

NOMENCLATURE 
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Ay 

AY„ 


PP 


Ay 

pc 

Ay 

cp 


= total  torsional  inelestic  shear  strain  range 
= completely  reversed  plastic  shear  strain 
= completely  reversed  creep  shear  strain 
» plastic  shear  strain  reversed  by  creep  shear  strain 
= creep  shear  strain  reversed  by  plastic  shear  strain 
= observed  no.  of  cycles  to  failure 
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I . INTRODUCTION 

The  strainrange  partitioning  method  has  attracted  considerable  attention  in  the  past  few  years  in  dealing 
with  the  problem  of  creep-fatigue  analysis.  The  method  considers  mechanisms  of  deformation  that  a material 
may  undergo  as  a result  of  imposing  loads  at  elevated  temperatures.  The  type  of  deformation  consists  mainly 
of  two  essential  elements:  plastic  deformation,  and  creep  deformation.  These  two  basic  components  may  be 
mixed  to  give  two  additional  components.  Thus , the  life  of  the  material  is  affected  by  each  of  these  com- 
ponents. 

A considerable  amount  of  data  has  been  presented  on  the  applicability  of  the  method  to  specimens  sub- 
jected to  uniaxial  loading.  In  this  paper,  the  method  is  examined  from  the  biaxiality  point  of  view,  since 
structural  components,  in  most  cases,  are  subjected  to  a biaxial  state  of  stress. 


I 6-2 

The  method  of  st rai orange  partitioning  was  applied  to  two  cases  of  stress  hiaxiality;  one  case  consisted 
of  pure  torsion  loading  under  stress  controlled  loading,  and  the  other  case  consisted  of  a combined  axial  and 
torsional  loading  under  a strain  controlled  loading. 

The  torsional  stress  controlled  tests  were  conducted  at  1200°l;  and  the  biaxial  strain  controlled  tests 
at  1000°F. 


II.  PARTITIONING  INI;  I.AST  10  SHIAH  SIRA  IN  HANOI. 


The  strainrange  partitioning  concept  implies  that  four  distinct  inelastic  strains  exist.  Therefore,  it 
is  essential  that  a cycle  be  partitioned  into  a completely  reversed  plastic  strain,  Al  a completely 
reversed  creep  strain,  Ae-C,  a tensile  plastic  strain  followed  by  a compressive  creep  strain,  Ai,pC,  or  ten- 
sile creep  strain  followed  by  compressive  plastic  strain.  At Cp. 

liach  type  of  strain  bears  a relation  to  the  cyclic  life  of  the  material,  once  the  strain  life  relations 
are  related  through  a linear  damage  summation  rule. 


In  treating  torsional  creep- fat igue , it  is  assumed  that  the  total  inelastic  shear  strain  in  a one  cycle 
(.111  also  be  partitioned  into  four  similar  strain  components  with  corresponding  cyclic  lives.  The  simplest 
measurable  component  is  the  plastic  shear  strain  Ayim  which  can  be  obtained  from  a completely  reversible  tor- 
sional strain  cycling  at  a rapid  loading  that  will  eliminate  any  induced  creep  strain.  This  type  of  test 
will  result  in  a hysteresis  loop  as  shown  in  figure  (1),  where  cycling  is  carried  between  the  strain  limits 
A and  ( . Hie  width  <>l  the  loop  HF  represents  Aypp  which  can  be  related  to  the  cyclic  life  through  Manson- 
Goffin  type  equation  |5]  hi  the  form  of: 


Ay 


Na  * C 

PP  PP 


(1) 


I he  othei  three  shear  strain  components  have  to  be  determined  from  tests  specifically  designed  to  pro- 
duce a hysteresi*  Iooj»  whuli  I ml  udes  creep  strain. 

I I I . I XII  M I Ml  N I A I PRIM  I IMIRI 

I’he  material  used  in  this  study  was  504  stainless  steel  supplied  in  the  form  of  one  inch  (25.4mm)  round 
bars.  tubular  spe<  miens  were  machined  to  a gage  length  of  1"  (1.5mm)  with  a wall  thickness  of  0.000"  (1.55mm) 
and  an  outside  diameter  of  0.456"  (11.4mm).  Two  keyways  on  each  end  of  the  specimen  were  cut  to  provide  the 
torsional  loading.  After  machining,  specimens  were  annealed  at  2000°l;  (1092°0)  for  50  minutes  in  an  argon 

atmosphere.  Ihe  < henrn.il  composition  and  mechanical  properties  of  the  material  are  given  in  Tables  (1)  and 

( 2 ) , res pec  t i vely  • (see  I ootnolr  on  next  page ) 

A temperature  of  1200°l  (649*0)  was  imposed  on  specimen  through  glo  bar  heating  elements  manufactured  by 
the  Carborundum  Corporation.  Ihe  element,  6-5/4  inches  (171.5mm)  long  and  1/4  inch  (6.4mm)  diameter,  is 
silicon  carbide  with  a central  heating  section  or  "hot  zone"  that  varies  from  1-1/2  inches  (58. 1mm)  to  2 
inches  (SO.Knm)  long.  The  element  was  inserted  in  the  tubular  specimen  and  left  free  to  expand  or  contract. 
Ilectrical  connections  were  made  through  aluminum  metallized  terminals.  Because  of  high  temperature  environ- 
ment, torsional  shear  strain  was  controlled  through  a rotary  variable  differential  transformer  (RVIJT)  exten- 
someter  which  was  calibrated  with  strain  gages  at  room  temperature.  The  torsional  load  was  measured  through 
a torque  cell.  Detail  of  the  experimental  procedure  and  equipment  can  be  found  in  reference  |6).  Briefly, 

in  a strain  partitioned  test,  a load  overshoot  can  be  encountered.  This  effect  has  been  experienced  by  the 

authors  who  first  interpreted  it  as  a load  relaxation  that  could  influence  the  test;  however,  since  a constant 
load  is  essential  to  produce  creep,  it  was  found  that  the  overshoot  can  he  eliminated  experimentally  by 
throttling  the  oil  flow  to  the  load  actuator.  It  should  be  pointed  out  that  a constant  cycling  frequency 
cannot  be  programmed  but  has  to  be  dictated  by  the  amount  of  creep  the  material  exhibits.  For  example,  to 
maintain  a constant  creep  at  each  cycle,  the  load  has  to  he  applied  at  a different  rate  for  each  cycle. 


/ V . TFS7  Rf  SUM  S AND  DI  SCUSS  JON 

I’he  concept  of  strainrange  partitioning  shows  a distinction  between  Aecp  and  AtpC  components.  This  is 
due  to  an  effective  difference  that  exists  between  tensile  or  compressive  strain.  In  the  pure  torsion  strain 
cycling  case,  these  two  components  are  equal  since  the  loading  direction  is  applied  in  either  a clockwise  or 
counterclockwise  direction;  therefore,  the  tensile  strain  is  the  same  as  the  compressive  strain.  Assuming 
the  load  directionality  does  not  influence  any  added  creep  strain,  one  finds  that  only  three  strain  compon- 
ents exist  rather  than  four.  In  view  of  this  observation,  the  test  procedure  was  designed  to  produce  three 
shear  strain  components,  namely,  Aypp,  Aycc  and  Aycp  * Aypc.  The  tests  were  stress  controlled  at  1200°F. 

A total  of  14  tests  were  conducted:  four  (4)  tests  under  a completely  reversed  torsion  that  produced 
AYpp,  si*  (A)  tests  under  clockwise  creep  reversed  by  plastic  shear  strain,  and  four  (4)  tests  under  com- 
pletely reversed  creep  cycling.  Ihe  basic  data  from  all  tests  is  found  in  Reference  1 9 J . 

Figure  (2)  shows  the  recorded  hysteresis  loops  obtained  under  cp.  Under  cn- type  test,  the  loop  width 
represents  the  total  inelastic  shear  strain  which  was  partitioned  into  AyCp  (BF)  and  Aypp  (T1F)  , and  the  total 
life  for  this  test  was  recorded.  'I’he  life  that  corresponds  to  the  partitioned  plastic  spear  strain  Aypp  was 
calculated  from  liquation  (1),  while  the  remaining  life  which  is  attributed  to  the  effect  of  creep  was  calcu- 
lated from  an  assumed  linear  damage  summation  in  the  form  of: 


N N 
pp  cp 


where  N is  the  recorded  total  experimental  life,  liquation  (2)  was  later  modified. 


io  < 


In  the  cc-type  test,  a pure  creep-creep  strain  cannot  he  obtained  experimentally  without  imposing  a 
plastic  component.  Therefore,  the  hysteresis  loop  shown  in  Figure  (3)  has  to  be  analyzed  under  the  proposed 
strain  range  concept  technique.  This  is  performed  by  partitioning  the  total  inelastic  shear  strain  IB  into 
three  components,  Aypp  = FTF,  Aycc  = FF  and  Aycp  = Ay-(Aycc  ♦ Ayjjp)  or  Aycp  = FF  FF  rTF.  The  individual  life 
that  corresponded  to  each  shear  strain  component  was  computed  from: 


N N N 

pp  cp  cc 


= 1 


H) 


Where  N is  the  recorded  total  life  while  N was  recorded  from  the  pure  Aypp  test  and  Ncp  calculated 
from  Equation  (2).  Thus,  it  was  possible  to  construct  a Ay-N  diagram  that  encompasses  the  three  strain  com- 
ponents with  their  associated  lives  as  shown  in  Figure  (4).  Caution  must  be  exercised  in  determining  Npp 
experimentally,  otherwise  error  will  result  in  the  entire  life  calculation  procedure. 

The  experimental  data  obtained  under  each  strain  component  showed  a power  law  relationship.  In  the 
first  case  under  Aypp,  this  relationship  is: 

Ay  = 2.25  (N  )'0’65  (4) 

'PP  PPJ  ' 


If  Iquation  f 4 ) is  compared  to  Manson's  tentative  universalized  life  relationship  (6j  of 


Ac 

= 0.75  (N  ) 
[>„  PP 


-0.6 


(5) 


one  finds  that  a similarity  exists  between  these  two  relations  with  respect  to  their  slope  characteristics. 
The  difficulty  lies  in  evaluating  the  intercept  of  the  line  since  the  ductility  factor  Dp  is  not  easily  mea- 
sured under  torsion. 


In  the  case  of  Aycp-Ncp  relation,  one  has  to  compare  the  form: 


Ay  = 2.40  (N  ) 
'cp  cp 


-1.22 


with  the  assumption  that 


Ay  = Ay 
cp  'pc 


to  the  axial  relation  of: 


and 


0.25  N 

cp 


-0.8 


Ac 


1.25  N 

pc 


-0.8 


(6) 


(7) 


f«J 


(9) 


The  Aepc  component  does  not  have  an  equivalent  value  in  shear,  therefore,  the  results  from  the  second  compon- 
ent Accp  can  be  compared  to  the  torsional  results  of  Aycp.  In  both  cases,  the  cp-component  has  exhibited  the 
most  detrimental  creep  effect  on  life;  however,  deviation  exists  between  the  slope  characteristics.  A compar 
ison  can  be  best  seen  when  the  third  shear  creep  strain  component  is  evaluated.  The  resulting  relation  of 


Ay 


cc 


1.45  (N  ) 

cc 


-0.96 


(10) 


can  be  compared  to 


0.75  (Ntc)-°-8 


(11) 


On  the  basis  of  these  torsional  tests,  several  observations  can  be  made.  In  the  axial  case,  three  parti- 
tioned strain  components  exhibited  a common  hardening  effect  as  reflected  by  the  exponent  of  0.8;  however,  in 
the  torsional  case,  the  material  showed  a different  degree  of  hardening  depending  on  the  difference  between 
the  slope  characteristics  of  each  type  of  shear  strain.  A possible  explanation  of  this  difference  may  lie  in 
the  measure  of  the  ductility,  which,  as  stated,  was  difficult  to  determine.  It  should  be  pointed  out  that 
hardening  was  assumed  since  this  material  exhibits  this  characteristic.  In  either  case,  the  Aypp  showed  the 
least  detrimental  effect  on  life  while  the  Aycp  component  showed  the  most  detrimental  effect.  Tor  the  mater- 
ial tested  at  1200°!  (649°(!)  a large  reduction  in  life  was  recorded  between  these  two  components.  For  ex- 
ample, at  1%  level  a factor  of  50  was  observed. 


( hemical  compositions,  material  processing,  heat  treatments  and  mechanical  properties  lor  each  tested  alloy,  as  well  as  the  data 
generated  m the  programme,  are  given  in  Appendix  A I 


H.-4 


V . PARTITION  INC;  INI. LAS')  1C  I.FFFCT  1 VI  STKA INKANCI. 

On  the  basis  of  the  pure  torsional  data  that  was  generated  under  1 200° I- , the  multiaxial  investigation 
was  extended  into  a broader  range,  whereby  axial,  torsional  and  a combination  of  axial  and  torsional  tests 
were  obtained.  The  data  under  these  three  loading  conditions  were  generated  under  1000°F.  ITie  loading  sys- 
tem is  shown  in  Figure  (5)  • The  ratio  of  shear  loading  to  axial  loading  is  designated  by  R.  Therefore, 

R 0,  R « 2,  and  R = «°,  represents  uniaxial,  biaxial  and  torsional  strain  loading  respectively. 

Creep  was  imposed  through  hold- time  procedure  that  varied  in  length.  The  data  was  analyzed  on  the  basis 
of  "equivalent  multiaxial  st res s- strain range". 


The  equivalent  multiaxial  st ress-strainrange  is  defined  as  the  Mi ses-llcncky  type.  It  will  be  used  as  a 
parameter  to  compare  axial,  biaxial  and  torsional  data.  An  important  element  in  this  procedure  is  that  one 
has  to  know  at  each  instant  of  time  within  the  cycle,  an  equivalent  stress  <?e  and  an  equivalent  strain  £e. 
These  values  can  be  calculated  from: 
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where  a^,  a^,  are  the 
For  the  case  of  R = 


principal  stresses,  and  e^,  e„  and  are  the  principal  strains. 
2,  equations  (12)  reduce  to. 
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and  for  the  torsional  case  where  R 
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(14) 


To  achieve  a relation  between  ae  to  Te,  an  equivalent  hysteresis  loop  was  constructed  from  axial  and  tor- 
sional hysteresis  loops  that  were  recorded  during  the  test  at  a given  cycle.  A schematic  diagram  shown  in 
Figure  (6)  illustrates  the  procedure  used  in  generating  an  equivalent  loop.  Since  the  triangular  wave  form 
loading  provided  a linear  movement  on  the  strain  scale,  respective  strain  range  of  each  loop  was  divided 
into  ten  equal  strain  increments.  Thus,  these  intervals  are  equal  in  t i me  where  the  principal  stresses  are 
known  at  each  instant  of  time  throughout  the  cycle.  Therefore,  each  divided  point  on  the  axial  loop  does 
correspond  in  time  with  a point  on  the  torsional  loop,  resulting  in  an  equivalent  multiaxial  loop  as  shown 
in  Figure  (7). 

Once  the  equivalent  loop  is  obtained,  the  SRP  lines  were  determined.  This  is  also  shown  in  Figure  (8). 

The  multiaxial  effective  plastic  strainrange,  ATpp,  component  was  obtained  from  the  continuous  cycling 
data.  The  data  is  shown  in  Figure  (9)  as  A7"pp  vs  Npp  for  R = 0,  2,  and  <». 


The  AeCp  component  was  determined  from  the  equivalent  hysteresis  loops  shown  for  R a 0,  2,  and  00 . The 
corresponding  life  was  calculated  from  the  modified  relation: 


where 


f f 

-PE  ♦ -SE 

N N 

pp  cp 


1 


PP 


At 

A^ 


and  f 


inel . 


CP 


AT 

ir2- 


inel . 


(IS) 


The  data  of  AFCp  is  then  plotted  vs  the  calculated  Ncp  as  shown  in  Figure  (10).  Data  for  Figures  (9,  10) 
is  listed  in  Table  f 3) . 

For  the  case  of  It  * both  ATpp  and  AFCp  data  lines  have  shown  an  upper  hound  when  compared  to  axial 
and  biaxial  case.  This  observation  was  reported  by  the  author  in  previous  investigations.  As  a result  of 
this  observation,  the  idea  of  triaxiality  factors  was  proposed.  Manson  and  Halford  have  shown  the  applica- 
tion of  this  factor  in  unifying  the  three  cases  of  R • 0,  2,  and  •»,  (8). 


Since  the  intent  of  this  report  is  the  application  of  SRI’  to  multiaxial  case,  the  data  is  reported  in 
detail.  Power  law  relations  can  be  fitted  to  the  data,  such  as  for  the  pp-cumponent : 


.. , 
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and  for  t i: j>  component  : 


r.r  - o.r,87 
pp 

IN  j 

pp 

-0.51 

l 

R B 00 

Ac  » 0.708 

Pl> 

fN  ) 
PP 

0.56 

R « 0,  2 

(10) 

Ar  - 0.0030 
cp 

fN  J 
<-p 

-0.37 

R - «« 

* 

Ar  = 0.0012 

cp 

fN  ) 
cp 

-0.40 

R » 0,  2 

(17) 

Tlic  important  part  of  these  relations  is  the  slope  character)  st  i cs  that  varied  from  0.5  to  0.4.  The  variation 
is  a considerable  improvement  on  the  data  that  was  reported  in  figure  (4j. 


A better  comparison  can  be  made  when  both  types  of  data  for  R figures  f4),  f 9)  and  (10), were  super 

i mposed  as  shown  i r*  figures  (11,  12);  for  the  case  of  pp-data,  the  slope  of  the  lives  are  similar  to  those 
proposed  by  the  SHI*  method.  The  slight  difference  that  is  shown  is  mainly  a temperature  effect.  The  great 
and  the  most  dramatic  difference  appears  in  ligtire  (12).  The  effective  multiaxial  strain  approach  is  more 
favorable  to  the  SHI*  method  than  the  Ay^p  approach.  The  resulting  slope  of  A?TCp  approach  is  in  line  with  the 
proposed  Ski*  exponents  for  the  uniaxial  case  and  perhaps  more  realistic  in  nature.  This  can  be  attributed 
to  the  effective  st ress - st rai n hysteresis  loop  that  was  obtained  where  the  principal  stresses  when  their 
signs  were  considered  with  respect  to  time.  This  factor  was  not  introduced  in  the  AyCp  data. 

figure  (10)  shows  a comparison  between  l<  • "•  and  R * 0,  and  2 in  terms  of  AFCp  component.  The  triaxiai- 
ity  factor  is  also  applicable  to  this  case,  since  both  slopes  are  similar  in  nature  reflecting  the  ductility 
factor  as  in  the  case  of  pp  component. 


SIIMMAMY  Abb  CONCLUSIONS 

The  objective  of  the  NASA  research  program  is  the  evaluation  and  application  of  the  method  of  strain- 
range  partition  to  biaxial  creep  fatigue  interaction.  Data  was  obtained  by  subjecting  304  SS  specimens  t<> 
axial,  biaxial  and  torsional  loading.  Torsional  data  was  presented  in  terms  of  shear  strains  vs  corresponding 
number  of  cycles  to  failure.  The  results  showed  a considerable  deviation  from  the  proposed  values  that  m.y 
be  used  in  applying  the  SRP  method.  However,  when  the  data  was  analyzed  on  the  basis  of  an  effective  multi- 
axial strairirarige  through  the  use  of  an  effective  hysteresis  loop,  the  Ski*  method  established  lines  that  are 
more  consistent  with  the  uniaxial  SRP  data  for  the  material  tested. 
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Figure  (4) 


Partitioned  Plastic  Shear  Strain  Range  Components  Under  Torsional  Loading 


Stress 


Shear  Stress 


Schematic  Hysteresis  Loops  showing  the  subdividing  of  the  total  strainrange 
into  ten  equal  divisions. 


Figure  (6) 


Strain 


Typical  effective  hysteresis  loop  illustrating  the  completely  reversed 
plastic  strain  range  for  a continuous  cycling  test. 


Figure  (7) 
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Figure  (11) 
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Comparison  of  Effective  Strain  Range  Data  to  Shear  Strain  Range  Data  for  the  cp  Type 


Table  1 - Chemical  Composition  for  304  Stainless  Steel 


Element 

\ Weight 

Carbon 

0.048 

Manganese 

1.340 

Phosphorous 

0.039 

Si licon 

O.SOO 

Chromi urn 

18.600 

Nickel 

10.100 

Cobalt 

0.100 

Molybdenum 

0.300 

Columbi urn 

0.002 

Copper 

0.200 

Nitrogen 

0.030 

Tin 

0.018 

Lead 

0.002 

Tantalum 


0.002 
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Calculations  for  Effective  Hysteresis  lx>op 
Specimen:  A- 15  (R  = 2) 


Pt.  No. 

T 

xy 

Y 

xy 

0 

X 

e 

X 

o 

e 

G 

e 

i 

14,908 

0.002315 

25,410 

0.001 155 

36,230 

0.001 764 

2 

11,302 

0.001852 

16,080 

0.000924 

25,332 

0.001411 

3 

7,270 

0.001389 

10,330 

0.000693 

16,282 

0.001059 

4 

2,583 

0.000926 

4,415 

0.000462 

6,285 

0.000706 

5 

-2,153 

0.000463 

-2,000 

0.000231 

-4,231 

0.000353 

6 

-5,651 

0.000000 

-7,080 

0.000000 

-12,080 

0.000000 

7 

-8,342 

-0.000463 

-11,330 

-0.000231 

-18,362 

-0.000353 

8 

-10,980 

-0.000926 

-16,329 

-0.000462 

-25,066 

-0.000706 

9 

-12,917 

-0.001389 

-20,078 

-0.000693 

-30,060 

-0.001059 

10 

-14,478 

-0.001852 

-23,577 

-0.000924 

-34.420 

-0.001411 

11 

-15,000 

-0.002315 

-25,400 

-0.001155 

-36,333 

-0.001764 

12 

-11,033 

-0.001852 

-11,997 

-0.000924 

-22,564 

-0.001411 

13 

-5,920 

-0.001389 

-4,500 

-0.000693 

-11,197 

-0.001059 

14 

-969 

-0.000926 

2,249 

-0.000462 

-2,806 

-0.000706 

15 

2,906 

-0.000463 

7,665 

-0.000231 

9,170 

-0.000353 

16 

6,351 

0.000000 

11,830 

0.000000 

16,154 

0.000000 

17 

9,526 

0.000463 

15,329 

0.00C231 

22,521 

0.000353 

18 

11,948 

0.000926 

19,245 

0.000462 

28,261 

0.000706 

19 

13,670 

0.001389 

22,410 

0.000693 

32,600 

0.001059 

20 

14,424 

0.001852 

24,576 

0.000924 

35,046 

0.001411 

Equations: 

,2  2 ,0.5 

= (o  ♦ 3t  ) 
x xy 

e 

- (t2  * Y2 

/3)0'5 

e 

x xy 

Pt,  No. 

T 

xy 

Calculations  for  Effective  Hysteresis 
Specimen:  A-16  (R  =■  “>) 

Y 3 £ 

xy  e e 

Loops 

1 

31,933 

0.024495 

55,310 

0.01414 

2 

1,996 

0.019596 

3,457 

0.01131 

3 

-11,477 

0.014697 

-19,879 

0.00848 

4 

-21 ,954 

0.009798 

-38,025 

0.00566 

Equations : 

5 

-26,444 

0.004899 

-45,802 

0.00283 

5 = 

6 

-28,938 

0.000000 

-50,122 

0.00000 

7 

-30,435 

-0.004899 

-52,715 

-0.00283 

e 

8 

-31 ,435 

-0.009798 

-54,447 

-0.00566 

C = Y LrT 

9 

-31  ,933 

-0.014697 

-55,309 

-0.00848 

e 

10 

-31,947 

-0.019596 

-55,334 

-0.01131 

11 

-32,431 

-0.024495 

-56,172 

-0.01414 

12 

-9,979 

-0.019596 

-17,284 

-0.01131 

13 

9,979 

-0.014697 

17,284 

-0.00848 

14 

21,467 

-0.009798 

37,182 

-0.00566 

15 

25,945 

-0.004899 

44,938 

-0.00283 

16 

27,941 

0.000000 

48,395 

0.00000 

17 

29,439 

0.004899 

50,989 

0.00283 

18 

30,435 

0.009798 

52,715 

0.00566 

19 

30,936 

0.014697 

53,583 

0.00848 

20 

31 ,438 

0.019596 

54,452 

0.01131 
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Calculations  for  Effective  Hysteresis  Loop 
Specimen:  N-10  (R  * 2) 


Pt.  No. 

Ty 

Y«w 

0* 

e* 

O 

e_ 

1 

/ 

15,600 

0.009272 

35,000 

0.004508 

44,220 

C 

0 . 00700 

2 

1 1 ,280 

0.009272 

27,100 

0.004508 

33,410 

0.00700 

3 

1 ,080 

0.007418 

9,330 

0.003606 

9,520 

0.00560 

4 

-9,3b0 

0.005563 

-2,500 

0.002705 

-16,400 

0.00420 

5 

- 1 3,b80 

0.003709 

-11,830 

0.001803 

-26,500 

0.00280 

b 

-15,b00 

0.001854 

-18,660 

0.000902 

-32,840 

0.00140 

7 

-lb, 200 

0.000000 

-23,490 

0.000000 

-36,600 

0.00000 

8 

-16,080 

-0.001854 

-27,160 

-0.000902 

-38,900 

-0.00140 

9 

-15,720 

-0.003709 

-30,000 

-0.001803 

-40,510 

-0.00280 

10 

- 1 5, 3b0 

-0.005563 

-32,070 

-0.002705 

-41,670 

-0.00420 

11 

-15,000 

-0.007418 

-33,700 

-0.003606 

-42,550 

-0.00560 

12 

-14,760 

-0.009272 

-34,800 

-0.004508 

-43,181 

-0.00700 

13 

-7,080 

-0.007418 

-10,160 

-0.003606 

-15,900 

-0.00560 

14 

0 

-0.005563 

3,500 

-0.002705 

3,500 

-0.00420 

15 

b , 300 

-0.003709 

12,100 

-0.001803 

16,300 

-0.00280 

lb 

1 1 ,580 

-0.001854 

18,330 

-0.000902 

27,200 

-0.00140 

17 

14,160 

0.000000 

22,660 

0.000000 

33,400 

0 . 00000 

18 

IS, 360 

0.001854 

26,320 

0.000902 

37,400 

0.00140 

19 

15,600 

0.003709 

29,000 

0.001803 

.39,600 

0.00280 

20 

15,600 

0.005563 

31 ,500 

0.002705 

41,500 

0.00420 

21 

15,600 

0.007418 

33,650 

0.003606 

43,200 

0.00560 

Pquat 

i ons : 

5c 

E 

e 

‘ ♦ 

* (Cx  * 

3r2  )0'5 
xy' 

Yx/,)0'5 

Pt.  No. 

V 

Calculations  for  Effective  Hysteresi 
Specimen.  N-8  (R  * °°) 

L 

l S laOOp 

1 

19,040 

0.006160 

32,980 

0.00356 

2 

17,920 

0.006160 

31,039 

0.00356 

3 

9,800 

0.004928 

16,974 

0.00285 

4 

3,472 

0.003696 

6,014 

0.00213 

5 

-1,680 

0.002464 

-2,910 

0.00142 

Equations : 

6 

-6,160 

0.001232 

-10,670 

0.00071 

7 

-10,192 

0.000000 

-17,653 

0.00000 

_ 

8 

-13,328 

-0.001232 

-23,085 

-0.00071 

°c  ■ 

7c  ■ 

9 

-15,568 

-0.002464 

-26,965 

-0.00142 

10 

-17,080 

-0.003696 

-29,583 

-0.00213 

11 

-18,368 

-0.004928 

-31,814 

-0.00285 

12 

-19,040 

-0.006160 

-32,978 

-0.00356 

13 

-8,120 

-0.004928 

-14,064 

-0.00285 

14 

-1,792 

-0.003696 

-3,104 

-0.00213 

15 

2,800 

-0.002464 

4,850 

-0.00142 

16 

7,280 

-0.001232 

12,609 

-0.00071 

17 

10,192 

0.000000 

17,653 

0.00000 

18 

12,993 

0.001232 

22,503 

0.00071 

19 

15,400 

0.002464 

26,674 

0.00142 

20 

16,912 

0.003696 

29,292 

0.00213 

21 

18,032 

0.004928 

31  ,232 

0.00285 
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DISCUSSION  SUMMARY  OF  SESSION  III 
By 

Gary  R.  Halford 
NASA-Lewis  Research  Center 
Cleveland,  Ohio  USA 

If  one  were  to  Identify  the  unifying  characteristics  of  the  papers  presented  in  Session 

III,  two  features  would  stand  out the  diversity  of  the  properties  of  the  materials 

studied  and  most  importantly  the  authors'  perseverance  in  dealing  with  complicating  fac- 
tors, Because  of  the  individual  nature  of  each  material  or  the  loading  system  (multi- 
axial)  involved,  it  was  necessary  in  each  Instance  for  the  investigators  to  be  motivated 
to  find  ways  around  complications  as  they  arose. 

In  the  opening  paper,  Mr.  Stentz  demonstrated  his  resourcefulness  in  the  determination 
of  the  SRP  life  relationships  for  two  copper-base  alloys.  The  alloys  possess  extremely 
high  thermal  conductivity,  high  ductility,  and  reasonably  high  strength,  making  them 
ideally  suitable  for  liners  in  reuseable,  regeneratively  cooled  rocket  nozzles.  In  that 
capacity,  the  alloys  would  undergo  severe  thermal  fatigue  strain  cycles  with  strain- 
ranges  on  the  order  of  2%.  At  this  straining  level,  strain  hold  time  tests  could  not 
impart  enough  creep  strain  for  the  tests  to  be  considered  valid  as  characterization 
tests,  and  because  of  the  alloys  cyclic  strain  softening  behavior,  conventional  stress 
hold  tests  were  not  practical.  Creep  was  thus  introduced  by  means  of  slow  straining 
rates.  An  indirect  technique  for  partitioning  the  creep  and  plastic  strains  was  estab- 
lished which  then  permitted  the  SRP  life  relationships  to  be  determined  by  a trial  and 
error  process.  The  success  of  this  innovative  procedure  was  demonstrated  by  the  fact 
that  the  lives  of  constant  strain  hold  time  tests  could  be  predicted  quite  accurately 
from  the  established  life  relationships.  Accurate  life  predictions  were  also  made  for 
tests  with  intermediate  straining  rates.  The  CP  type  deformation  was  shown  to  be  ex- 
tremely damaging  for  these  materials. 

Dr,  Nowack  representing  DFVLR  elected  to  determine  the  SRP  behavior  of  titanium  6A1-4V, 
an  alloy  well  suited  for  gas  turbine  engine  compressor  blades  because  of  its  low  density, 
high  strength,  and  moderate  stiffness.  At  its  normal  use  temperature,  this  alloy  ex- 
periences only  minute  amounts  of  creep  for  the  use  times  of  concern.  Hence,  to  study 
the  alloy's  creep-fatigue  behavior,  it  was  necessary  to  conduct  tests  at  temperatures 
above  the  conventional  use  temperature.  Determination  of  the  four  SRP  life  relation- 
ships was  thus  possible  without  having  to  resort  to  extremely  long  (and  thus  prohibitive) 
test  times.  Hastening  of  the  tests  by  conducting  them  at  higher  temperatures  could  be 
justified  by  the  fact  that  the  tensile  ductility  was  not  a function  of  the  elevated  tem- 
perature of  testing.  However,  at  the  longest  test  time  considered,  (1100  hours)  there 
was  evidence  of  a detrimental  change  in  the  microstructure  which  corresponded  to  a det- 
rimental effect  on  cyclic  life  thac  would  not  have  been  anticipated  on  the  basis  of 
shorter  time  test  results.  Whether  the  DN-SRP  life  relations  could  have  been  used  to 
anticipate  this  behavior  was  not  determined  because  of  the  lack  of  creep-rupture  duc- 
tility information  at  the  longer  test  times.  Overall,  the  SRP  method  was  capable  of 
characterizing  and  predicting  the  high- temperature  creep-fatigue  behavior  of  titanium 
6A1-4V  to  within  approximately  factors  of  two  in  cyclic  life.  However,  the  effect  on 
cyclic  life  of  type  of  cycle  was  not  a very  large  one.  In  fact,  the  PC  type  cycle  gave 
the  lowest  life  (lower  than  PP  by  factor  of  2 to  5 in  cyclic  life) . Since  the  PC  cycle 
had  a higher  tensile  mean  stress  than  the  other  cycles  involving  creep,  Dr.  Nowack  em- 
phasized this  as  a possible  cause  for  the  shortest  lives.  Certainly,  a systematic  study 
is  called  for  which  can  separate  the  effects  of  strain  type  and  mean  stress. 

Perhaps  it  was  Dr.  Ellison  of  the  University  of  Bristol  who  demonstrated  the  greatest 
degree  of  ingenuity  in  the  use  of  SRP  to  characterize  the  behavior  of  a 1 Cr-Mo-V  steel. 
This  heat  of  material  exhibited  a sharply  defined  ductile-brittle  transition  in  its 
creep-rupture  ductility  at  a creep  rupture  stress  of  245  MN/m2 . Curiously,  the  tran- 
sition seemed  to  occur  independently  of  prior  history  of  deformation.  Creep-rupture 
ductility  dropped  from  about  0.8  to  0.2,  then  continued  to  decrease  slowly  with  de- 
creasing stress  and  increasing  time  to  rupture.  In  effect,  Dr.  Ellison  was  working  with 
a material  whose  properties  were  constantly  changing  within  a certain  regime.  This 
changing  behavior  seemed  to  affect  only  the  CP  strainrange  versus  life  relationship.  To 
make  the  problem  tractable,  two  CP  life  relationships  were  defined;  one  called  the  duc- 
tile CP  life  relation  and  the  other  the  brittle  CP  life  relation.  Recognizing  that  the 
brittle  CP  life  relation  was  a function  of  the  hold  time,  the  author  devised  a procedure 
for  factoring  this  time  effect  into  account.  Once  the  SRP  life  relations  had  been  de- 
termined, they  were  used  quite  successfully  to  predict  the  cyclic  lives  of  specimens 
subjected  to  complex  strain  cycles. 

Note  was  made  of  the  modes  of  cracking;  PP  and  PC  tests  gave  rise  to  transgranular 
cracking  only,  whereas  CP  cracking  was  almost  entirely  intergranular  and  CC  cracking 
was  partially  Intergranular  and  transgranular. 

An  item  of  concern  was  the  interpretation  of  the  inelastic  strain  accompanying  the  very 
rapid  initial  drop  in  stress  during  the  strain  hold  time  tests.  From  the  standpoint 
of  damage,  Dr.  Ellison  suggested  that  the  initial  rapidly  obtained  strain  should  prob- 
ably not  be  considered  as  creep  strain.  This  item  was  the  only  one  to  come  up  in  the 
open  discussion  reserved  for  Session  III.  Professor  Manson  pointed  out  that  he  and  his 
colleagues  had  puzzled  over  the  problem  a few  years  ago  and  had  made  two  recommendations 
as  to  how  to  deal  with  this  behavior.  There  were  brought  out  in  Professor  Manson 's 
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opening  paper.  Of  the  two  approaches,  Dr.  Ellison  strongly  urged  that  the  simplest  one 
be  adopted. 

In  the  final  paper.  Professor  Zamrik  reminded  us  that  nearly  every  piece  of  hardware 
in  service  has  some  degree  of  biaxiality  of  stress  and  strain  that  creates  a need  for 
rules  on  how  to  deal  with  this  complicating  aspect  of  low  cycle  fatigue.  The  central 
issue  1 s how  to  use  uniaxial  behavior  to  predict  multlaxlal  lives.  Using  a combined 
tension-torsion  testing  machine.  Professor  Zamrik  and  his  students  at  the  Pennsylvania 
State  University  have  generated  creep-fatigue  data  in  an  attempt  to  uncover  problems 
and  point  to  solutions  to  those  problems  which  might  be  peculiar  to  the  application  of 
SRP  to  biaxial  loading.  In  this  respect,  the  program  was  highly  successful.  Useful 
rules  have  been  proposed  for  generalizing  uniaxial  SRP  properties  to  cover  any  degree 
of  multlaxlal  cyclic  loading,  provided  the  loading  is  of  a proportional  nature. 

Zamrik' s SRP  results  on  type  304  austenitic  stainless  steel  tested  under  torsional 
loading  have  been  used  to  verify  the  applicability  of  the  proposed  rules. 

Discussion  of  the  papers  In  Session  III  was  exceptionally  brief  (being  limited  to  the 
complimentary  dialogue  between  Professors  Manson  and  Ellison  as  noted  above)  owing  to 
the  press  of  the  time  schedule  and  the  fact  that,  the  meeting  attendees  were  anxious  to 
begin  the  more  general  discussion  of  the  entire  Conference  which  was  scheduled  to  follow 
immediately  thereafter. 
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l)r.  N.  M.  I ADLAN,  Chairman  (AFML,  USA ) 

In  c on  t i ns  I t o tin*  di.siussions  of  the  previous  sessions,  which  we  have  tried  to  li- 
mit to  questions  of  c lari  ficat  ion  or  question«  which  were  primar  ily  addressed  to  the  con- 
tent of  the  immediate  papers  presented,  we  will  now  discuss  somewhat  more  general  ques- 
tions, looking  at  all  of  the  papers  that  have  been  presented  as  a whole.  What  are  the 
particular  advantages  of  applying  strainrange  par t i t i on i ng , taking  into  account  the  re- 
sults obtained  on  a variety  of  different  materials  under  a variety  of  different  test 
techniques  ? At  the  same  time,  what  are  the  general  difficulties  that  have  been  encoun- 
tered V What  might  we  anticipate  as  the  general  difficulties  that  remain  to  be  overcome  ? 
Are  their*  classes  o f materials  and  applications  where  perhaps  we  would  ant  it  ipate  diffi- 
culties in  using  the  strainrange  partitioning  method  ? General  i/.ing  upon  what  we  have 
seen,  art*  there  factors,  such  as  states  of  stress  or  dynamic  environmental  interactions 
and  so  on  that  have  no  t adequately  been  taken  into  account  ? 

Also,  in  the*  original  scope  of  this  study,  which  T believe  has  been  cine  of  the  best 
that  this  Panel  has  undertaken  in  a cooperative  testing  programme,  each  participant  has 
been  asked  to  compare  the  strainrange  partitioning  technique  to  the*  techniques  that  he 
has  used  in  the  past  and  that  he*  is  familiar  with.  We  may  therefore  ask  : 

- How  does  the  strain  range  partitioning  technique  compare  to  other  techniques  ? 

- What  are  its  specific  advantages  or  disadvantages  ? 

- Arc*  there  important  gaps  at  this  point  in  our  understanding  of  this  approach  that 
might  be  addressed  in  future  activities  of  this  panel  ? 

Mi  , P.  H.  SI  KM/  ( MAP  -TE  ST  , U . S . A . ) 

1 would  like  to  comment  on  the  use  of  SUP  for  nickel -base  superalloys,  in  relation 
to  several  impressions  that  I have  received. 

First,  there  seems  to  be  some  scatter  in  the  data,  one  of  the  reasons  foi  this  scat- 
ter obviously  being  the*  inability  to  measure  or  to  account  for  the  small  inelastic 
s t rains. 

Also,  the*  strainrange  part i t i on i ng  lines  seem  to  lie  very  close  together.  In  fact, 
in  some  cases,  they  could  he  collapsed  into  one  Jim*  and  in  other  cases,  various  investi- 
gators have*  had  different  order  ings  of  these  fines. 

1 n addition,  the  calculations  can  cause  difficulties;  investigators  encounter  nega- 
tive numbers  and  they  don  * t know  what  to  do  with  them. 

it  just  seems  to  me,  that  in  talking  about  a modified  strainrange  partitioning  tech- 
nique t o accomodate  these  problems,  we  have  to  take*  into  account  the  fac  t that  other 
techniques  or  other  correlations  actually  seem  to  he  simpler  and  work  a little  better. 

One  of  these  is  the  simple  stress  correlation. 

Piol  . ' . . MA  \ ‘ ;(j\  (<ase  Western  Peserve  University,  USA) 

I think  one  of  the  points  that  has  no t been  brought  out  at  this  conference,  and 
which  relates  to  the*  questions  that  Dr.  STKNTZ  raised,  is  the  usefulness  of  SUP  in  esta- 
blishing bounds  rather  than  accurate  quantitative  inf oi mat  ion. 

Attempting  to  push  the*  application  ol  SPP  in  all  cases  to  a quantitative  level  is, 
first,  not  justified  and,  second,  not  even  desirable  because  the*  real  merit  o f SPP,  I 
think,  is  t o give*  you  a bound  ol  lower  life*  and  a bound  ol  upper  life  tot  a particular 

type  of  application. 

It  tells  you  the  kind  of  test  that  you  I ikely  need  in  order  t o get  lower  and  upper 
hounds.  If  you  attempt  to  run  tests  PP  and  CP  or  the  other  s tra i nranges , you  immediately 
clef  ermine  which  is  the*  most  damaging  and  which  is  the  least  damaging. 

It  there  are  all  about  equally  demag i ng , 1 would  say  that  the  tests  are  giving  you 

a ver ' valuable  result  in  that  they  tell  you  there  will  not  he  a big  effect  of  different 
types  of  histories.  You  tan  use  the  lower  hound  life  line,  whether  is  PP,  CP  or-  PC',  to 
design  in  the  simplest  possible  way. 

In  other  words,  you  apply  SPP  in  connection  with  that  lower  hound  life  and  get  a li- 
fe that  is  probably  going  to  he  as  accurate  as  you  can  ever  get,  considering  material  va- 
riability in  the  first  place  and  other  complications  that  come  about  by  attempts  to  make 
mor  e quantitative  c ompu  t a t i oris  . 
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So,  I think  you  are  right  in  that  in  connection  with  ni eke  1 -base  Nupeial loys,  where 
tin*  1 l I e linen  are  almost  about  the  name,  the  heat  use  ol  SHI*  in  to  tell  you  which  of 
thorn*  linen  in  likely  to  hi*  a lower  bound  and  then  design  to  that.  I do  however  take*  ex- 
ception with  you , in  your  comment  that  other  methodn  have  been  found  to  he  good.  J think 
that  you  would  he  in  considerable  trouble  in  trying  to  apply  the  t i me -and-c yc 1 e fraction 
to  nome  of  t liese  complex  nuperal  loys  where  we  have  trouble  in  applying  SHI*. 

I have  personal  experience  with  a f ew  applications  in  which  life  values  vary  by  fac- 
tors of  9 on  the  unconserva  t i ve  aide,  and  20  or  more  on  the  conservative  .side,  and  I 
would  never  regard  the  t i me-and-cyc 1 e fraction  to  be  good  approach  to  the  problem. 

The  other  aspect  of  the  nickel-base  superalloys  in  that  we  obviously  have  materials 
in  which  two  other  phenomena , that  have  been  brought  out  at  thin  conference,  are  impor- 
tant compared  to  the*  stainless  steels  and  low  alloy  steels  that  we  have  experience  with. 

One  of  them  is  the  separation  of  the  initiation  from  the  propagation  phase.  For  the 
materials  that  we  have  a lot  of  experience  in  the  past,  the  AIST  316  and  , the  2 % Cr 

and  1 Ci  - 1 Mo  si  eels,  etc  ...,  it  did  not  a matter  very  much  if  we  separate  initiation 
from  propagation. 

We  got  very  good  results  in  establishing  the  life  values.  When  we  consider  the  ni- 
ckel-base superalloys  which  may  have  a very  low  fracture  thoughness,  as  Dr.  HALFORD  al- 
ready mentioned,  and  where  the  development  of  even  the  tiniest  crack  may  cause  the  end 
of  the  fatigue  test,  it  becomes  very  important  to  separate  these  two  phases  from  each 
other • 


Furthermore,  we  have  not  had  experience  in  such  problems  before,  nor  have  other  me- 
thod had  been  used  to  get  such  experience. 

The  other  problem  is  the  mean  stress  effect.  Again,  in  other  earlier  studied  mate- 
rials, mean  stress  was  a relatively  minor  factor.  It  did  not  override  the  difference  of 
effect  of  the  nature  of  the  strain  : CR  in  AISI  316  stainless  is  so  much  more  damaging 
than  R<  that,  even  in  the  presence  of  a beneficial  compressive  stress,  it  still  remains 
the  most  damaging  type  of  strain. 

Hut  for  nickel-base  superalloys  where  the  SRR  lines  come  closely  together,  one  pro- 
duces a tensile  mean  stress  and  the  other  produces  a compressive  mean  stress;  then,  you 
may  get  an  apparent  inversion  of  life  relationship,  hut  not  because  PC  is  really  more 
damaging  than  CR  but  because  RC  is  associated  with  a tensile  mean  stress. 

So,  to  answer  I).  TALLAN'S  request  : where  do  we  go  from  here  ? I would  say  this 
conference  has  brought  to  the  floor  at  least  these  two  major  questions  that  we  need  to 
resolve  in  the  future  in  relation  to  the  type  of  alloys  most  applicable  in  connection 
with  gas  turbine  applications.  Hut  still,  a positive  note  in  relation  to  SRI1  : once  you 
run  the  SRR  life  lines  and  you  establish  that  there  is  not  much  difference  among  them, 

1 certainly  would  not  try  to  split  hairs;  I would  design  to  the  lowest  of  these  lines  and 
hy-pass  the  whole  problem.  So,  SRR  has  told  me  which  one  of  the  life  lines  is  the  most 
damaging  and  it  guided  me  in  making  the  choice  of  which  should  be  the  design  life. 

I)i.  1.  L.  CHAHOCHK  ( ONER  A , France) 

Je  voudrais  donner  quelques  details  sur  la  technique  iliustree  a la  Fig.  AO  et  de- 
veloppee  a I 'ONERA  de  maniere  a prendre  en  compte  les  effets  de  cumulation  non  lineaire 
d ' endoinmag  cmen  t par  fatigue*  et  fluage. 

Dans  certains  cas,  la  methode  SRR  ne  permet  pas  de  traduire  comple t ement  tous  les 
effets  possibles  de  la  contrainte  moyenne.  Une  solution  serai t done  de  les  prevoir  des 
la  determination  du  modele  d * endommag emen t.  par  fatigue.  Ainsi,  la  duree  de  vie  en  fatigue 
depend  en  part ie  de  la  contrainte  moyenne,  ce  qui  pejut  se  traduire  par  un  terme  qui  tient 
compte  de  l'effet  des  contraintes  moyenne  et  maximale  . 

A titre  d'exemple,  la  fig.  19  de  mon  expose  montre  les  resultats  d'essais  de  fatigue 
pure  realises,  sur  l'alliage  IN-lOO,  a diverges  temperatures  comprises  entre  JQO  et 
1000°(  et  a la  frequance  de  911'/.,  la  contrainte  moyenne  etant  nulle  (essais  a mise-en- 
c barge  alternee)  ou  non.  A partir  des  courbes  dormant  le  nombre  de  cycles  a rupture  en 
fo ra  tion  de  la  contrainte  maximale,  il  est  possible  de  deduire  l'influence  de  la  con- 
trainte moyenne  pour  ensuite  1 • inclure  dans  le  modele  de  fatigue 

Rar  ailleurs,  pour  illustrer  les  effets  de  cumulation  non  lineaire  d * endommag emen t , 
nous  avons  mis  en  evidence  que  dans  les  i>ssais  de  fatigue  a contrainte  imposee,  1 ' endonuna  - 
gement  evolue  plus  vite  lorsque  le  niveau  de  contrainte  est  plus  eleve  (Fig.  At).  A partir 
de  ces  courbes,  le  sc hema  de  la  Fig.  A2  montre  I’effet  de  cumulation  non  lineaire,  dans  le 
cas  d'essais  a contrainte  imposee  a deux  niveaux,  le  premier  niveau  de  contrainte  etant.  le 
plus  eleve  (N1  et  N2  sont  les  nombres  de  cycles  e! fectuos  respect ivement  au  1°  et  au  2° 
niveau  de  contrainte) 
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An  moyi'ii  d'une  loi  devolution  de  I ' endominagemen  ( , telle  que  celle  illustree  a ia  K i g . 20 

de  mon  expos/,  on  pent  pt  i'vo  i i nn  I e 1 el  l ot  coramc  1 e montrent  lies  confrontations  avec  des 

essais  a deux  n i v oh  ii  x t en  t ontrainti*  alternee  (valour  moyoiine  mil  Ic)  ou  on  contra  inte  on- 

dul/e,  i 1 ost  <t  diio  on  pr  omoiu  o d 1 uii  effet  cle  "rochet", 

CONTINUOUS  DAMAGE  APPROACH  | 
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l‘  i g . A 1 Fatigue  damage  evolution  as  measured  in  the  pure 
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frig.  Ali  : Schematic  of  the  non  - linear  cumulative  effect 
observed  in  the  two- 1 eve  Is  fatigue  tests  (high 
to  low  sequence) 
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In  considering  cumulative  fatigue  damage,  J think  a very  important  distinction  needs 
to  he  made  between  what  happens  within  a single  hysteresis  loop  and  what  happens  into 
successive  hysteresis  loops  that  are  not  identical. 

Normally,  we  have  repetitive  cycling  resulting  in  a single  hysteresis  loop  in  which 
there  are  creep  and  plastic  strains;  what  we  are  concerned  with  is  how  to  combine  those 
in  order  to  find  the  total  damage  within  that  loop.  We  are  having  trouble  even  with  that 
problem  in  trying  to  take  into  account  mean  stress  effects  and  separation  of  the  jrntia- 
t ion  and  propagation  phases. 

If  I understand  Dr.  CHABOCHE ' s procedure,  it  really  refers  t o successive  cy<  1 es  in 
which  different  levels  of  stress  are  imposed.  We  have*  run,  in  the  past,  similar  pro- 
grammes in  cumulative  fatigue  damage  in  which  a number  of  cycles  of  high  stress  was  fol- 
lowed by  a number  of  eye  les  of  low  stress,  or  conversely  low  stress  followed  by  high 
stress;  and  we  have  got  these  non-linear  cumulative  effects.  We  had  in  fact  applied  in 
the  fiast,  at  first  what  we  cal  I col  "separation  of  the  fatigue  process  into  initiation  and 
propagation  phases"  and,  later  on,  re-interpreted  the  results  as  a "double*  1 inear  damage- 
rule*"  : in  essence,  drawing  two  straight  lines  to  represent  the  curves  that  Dr.  fHABCK  HE 
pointed  out.  More  recently,  we  have  been  doing  more  work  along  that  line  to  characterize* 
the-  type  cl  results  that  he*  showc-d  , quite  accurately,  by  separating  out  of  process  inter 
what  wc*  call  "Phase  I"  and  "Phase  II".  They  are*  no  1 definitive  processes  hut  we  recognize* 
that  there  are  two  distinctive  processes  which,  if  imagined  to  he*  present,  can  pre*dic  t 
the  results  exactly  as  they  have  been  observed. 

So,  I can  understand  the  concept  that  non-1 inear  cumulative  damage  be*  applied  t o 
successive*  cycles  of  unequal  magnitude.  But  1 do  not  know  how  erne  would  use,  within  the* 
same  hysteresis  loop,  the  combination  erf  mean  stress  and  strain  cycling,  and  call  that 
non-linear,  in  the*  sense  that  has  been  proposed,  because  the  problems  we  are  facing  are 
with  a single  repetitive?  loop. 

I)r.  I.  f.  CHABOCHE 


Comme  1 'i  1 lustre  la  Fig.  A3,  1 ' e'-quat  i on  d’c-volut  ion  de  I ' e*ridommagemen  t est  separee 

e*n  deux  equations  partielles  de't  ermine' es  se'pa  re' merit  a la  suite  d'essai  s d'une  part  de* 
f luage  e*  t d 'autre*  part  de  fat  igue*  de*  base*  (elu  type  PP). 
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E » & » A 3 : Damage  summation  procedure  used  ter  predict  the*  < r eep- \ a t igue  inte- 
raction, under  low  frequency  periodic  cycling,  from  pure  creep  and 
pure  fatigue  te?st.  results. 

Par-  integration,  il  est  possible  de  prc-volr  les  resultats  d'essai*  de  fatigue  .»  e y- 

cl«ge  periodiqiie  lent  (frequence  faihle,  avec  ou  sans  per i ode  de  maintien)  pour  autant 

que  I 'on  connaisse  Involution  de  la  contrainte  an  tours  du  eye  I e stabilise'-. 

fa  regie  de  melange  de  cumulation  conduit  a une  interac  t ion  non- 1 i n«a  i t e»  eles  termes 

c until  les  de  fatigue  et  de  f luage  (cfr.  Fig.  21  de  mon  expose'*).  En  fait,  1 'interaction  au 

cours  d'un  cycle  periodique,  est  du  m&me  type  ejue  dans  1 e can  des  essais  a deux  niveaux. 


Dan  s 1 « « <i  s pi  r.HiMil  , i I v a i*  I I e*  i <lc  c i mu  1 1 a l i on  non  - 1 i ne'a  j i e*  par  suite  de*  la  noil-uni  i i • ' 

de  tout  lii'M  iP  i-volut  ion  « I ■ j doiiuitag  «•  «*n  lorn  I i on  do  1 / • j «i  de*  N/\  ^ ; pom  J ' .« I I i age-  I N - IDO 
pat  exe*mple,  I '(-volut  ion  e*n  linage  e*  s t beaucoup  plus  i.pieie  qu'cu  lat  lym*  put  <*  (Fig.  \fi) 
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Pi  . f«  . I . I.I.OYD  ( UKAKA , I.K.) 


(.onsidering  t he  case  of  creep-fat  igue  damage  and  t lie*  question  a I creep  - fa  t i g tie  in- 
teraction, I would  like  to  suggest  that  t lie*  linear  damage  .summation  rule  is  complete'!  y 
i nappropi  i a t e l y framed  to  predict  a situation  where*  you  have*  two  complete-ly  el  j f ' f e*re*n  t 
state  variables. 


fhe»re*  ferre  , from  first  principles,  J think  you  could  imagine  that  you  have  quite 

y oe>d  g if)  un  els  for  not  expecting  good  pi  e*d  1 c t i ve  or  c o rr  e 1 a t ion  abilities. 

In  the*  physical  sense*,  you  could  understand  this  because*  the*  fatigue*  proc  e*ss  imp  lie* 
the*  mechanism  of  cra<k  propagation  and  the*  cr«?ep  part  is  wither  dislocation  c r e*e*p  or  the 
produc  tion  of  grain  boundary  cavitations.  So,  I arn  suggesting  that  any  ag r ee*me*n t be*twe*en 
c r e*ep- f a t i gue*  life*  and  the  line*ar  damage*  summation  rule  may  tie*  fortuitous  unless  the* 

N/Nf  or  t/tf  fraction  independently  approach  one  but  not  as  a sum. 

Dr  . J . I..  < HA HO<  UK 

l.e*s  «1  e*  ii  x phenomenes  de*  f luage  e*  t d<*  fatigue  sunt  dist  inc  ts  mnis  se  man  lies  tent  si- 
mul  tani'itie'iit  , c e*  qiii  se*  tr  adult  par  la  coexistence*  de*  fissure's  int  e*r-e*t  t rans-gi  anti  1 a i r e*  s 
Dans  notre  approche*,  nous  considc'rorm  que*  la  fissuration  intercri  stal  line*  flue*  au  linage* 
interagit  avec  la  f i Hsurat  ion  t ranse  r i s ta  I 1 i ne*  qui  correspond  suit  out  a la  propagation 
fie*  fissure's  I e*  long  de*s  joints  fie*  grains.  < e*  t t e*  interaction  writ  mine*  une*  acc  rl  or  at  ion  <le* 
la  1 issurat  ion  au  cotirs  fle*s  eye  les  sue  < e*ssi  I s . 

I e*  precise*  bien  que*  c e*  ♦ t e*  accolriat  ion  r «<  i pi  ofjin*  est  proeiuite*  par  I 'addition  do 

deux  t e*r  me*s  non  - 1 i ne' a i res  <1  * e»ndommag  emen  t (fatigue  e*  t linage*)  dans  c hacun  fie»scjue*ls  f i- 

gure*  exp  1 i c i t eme*n  t la  vaJ  i*m  u<  t u<*lle  fie*  1 ' endommag  e*me*n  t . 

Pi  . II.  NOWAt  K ( DKVI.lt , Germany) 

I would  like*  to  ask  first  what  a 1 t e*ina  t i ve  com  opt  s are*  available  to  at  io:i  it  1 fit 
the*  sequence*  effects  and,  seconel  I y , is  it  acceptable  t <>  consider  that  e r«*e*p  aid  fatigue 
are*  sormwhat  equivalent  lf>r  nickel-base*  superalloys,  taking  into  account  that  the  basic 
SUP  curves,  plotting  the  total  inelastic  strain  versus  the  life*,  are*  tin  one*  line  or  in  a 
narrow  scat  ter  hand  ? 

Mr.  M . U . lUKSCHHfcK'*  ( NASA-l.hW  l S HRSKMIOI  CKNTKH,  VJ . S . A . ) 


As  #>ne  erf  the*  prerponents  of  the  SUP  method  anel  one  of  the  originators  of  this  AGARD 
activity,  I remind  ye>u  of  the  basic  erbjective  of  this  program,  namely  ter  determine*  first 
if  the  SHP  method  of  charac  t er  i /,  i ng  the  high  temperature*  low  cycle  fatigue  behaviour  ol 
materials  using  simple  laboratory  specimens  can  be  useel  to  predict  the  lives  erf  other 
simple  laboratory  specimens  when  subjected  ter  a complex  loading  cycle.  1 think  that 
♦ his  eliscussion  is  now  getting  inter  very  imperrtant  but  merre  comple*x  questions.  We  should 
e*ventually  discuss  them,  but  I think  we*  have*  to  first  address  our  original  objective 
before  we  take  up  these  rpies  t i ons . 


IM  (, 


Kor  example  : 


Do  you  feel  (Iiim  in  as  kooiI  as  oi  a he 
fatigue  behaviour'  of”  materials  at  high 


ter  way  for  characterizing  the  low  cycle 
temperature  than  you  are  currently  using 


•f 


- In  SIM*  a good  way  to  correlate  low  cycle  fatigue  teNting  under  those  condi tloiia  ? 


<an  SHI*  he  used  to  extrapolate  under  those  simple  conditions  on  laboratory  speci- 
mens ? 


So,  I would  suggest  we  go  back  to  our  original  objectives  in  this  program  and  try 
to  address  these  quest  ions  first  if  we  could. 


Pi  of  . P.  HAN(  ()(  K ((  IT,  1J.K.) 


We  are  looking  on  SPP  as  a predictive  method  and  obviously  what  we  want  to  do  is 
some  e x t r apo 1 a t i on . However  for  the  laboratory  tests  we  have  done,  it  is  basically 
i n t erpo 1 a t i on ; all  the  numbers  of  cycles  we  are  talking  about  are  between  10  and  1 0 3 - 
To'1  and  we  are  actually  interpolating  wit  tin  that  data.  So,  1 would  like*  to  ask,  from 

those  who  have  data  from  extrapolation,  how  they  find  it  to  wor k 

Prof  . S . S.  MAN  SON 


I <1 1 d show  in  this  meeting  that  some  data  on  2 H Cr  - 1 Mo  steel,  A I Si  3 lb  stain- 
less and  low  alloy  steels  have  been  analyzed  and  in  which  the  10  to  100  hours  data  were 
used  to  extrapolate  to  at  least  of  the  order  of  one  year,  i.e.  8 to  10.000  hours,  with 
relatively  good  results.  So,  as  much  as  is  available  has  been  looked  at  and  is  regarded 
a s qu i t e po sit  i ve . 

In  another  report  1 have  wt  it  ten  for*  the  Oak  Pidge  National  Laboratory,  1 make  an 
attempt  on  how  to  go  about  predicting  cycles  by  SPP,  for*  hold  times  that  will  be  very 
long  and  in  which  the  life  values  would  be  of  the  order  of  millions  of  cycles,  i.e.  '}() 
years  or  more.  The  procedure  is  practical  but  its  accuracy  has  not  been  established 
because  there  are  no  data. 


Pi  <»l  . P.  HAN<  ()(  K 


Indeed,  it  has  been  well  demonstrated  with  solid  solution  alloys,  such  as  low  alloy 
steels  and  even  hardened  stainless  steels,  where  the  problem  is  real  1 y one  of  initiation, 
that  long  t ime  predictions  are  possible. 

However  , this  conference  has  shown  that  there  are  certain  differences  between  the 
superalloys  and  the  previously  studied  simpler  materials.  There  is  generally  a reversal 
of  the  SPP  lines;  t hi*  differences  may  be  perhaps  between  initiation  and  propagation  and 
in  terms  of  mean  stress. 

So,  T am  asking  whether*  anybody  has  any  real  extrapolation  data  for*  superalloys. 
Plot.  S.  s.  MAN  SON 

first , let  me  add  another  difference  in  relation  to  the  question  of  mean  stress. 

With  the  PP  type  of  loading  for  example,  you  can  have  zero  mean  stress,  but  higher  maxi- 
mum stress  than  you  require  for  a (<  loading.  So,  1 e t me  just  mention  the  addit ionul  com- 
pile at  ion  that  it  is  not  or  ly  mean  stress  effect  but  also  a maximum  stress  effect  as 
well.  The  reason  for  PP  being  more  damaging  than  (<  or*  one  of  the  other  stiainrange 
types  may  simply  be  the  fail  that,  in  order  to  get  the  same  strainrange  with  PP-type  of 
loading,  one  must  go  to  a higher  stress  so  that  the  presence  of  even  a very  small  crack 
will  already  cause  the*  fracture  thoughtless  to  be*  exceeded  and  rapide  initiation  and  onset 
o f f r a c t lire  . 

Now,  returning  to  your  quest  ion,  I doubt  that  anybody  has  informat  ion  of  that  type. 
Hut,  1 1*  t us  take  a step  further  since,  in  this  conference,  we  arc*  evaluating  SPP  in  con- 
trast to  other  methods  : 

- Why  would  other  methods  not  have  the  same  problem  ? 

- Do  they  note  need  to  charac terize  the*  basic  behaviour  of  the  material  ? 

- Should  they  riot  need  to  know  whether  the  onset  of  a small  crack  will  cause  instan- 
taneous fracture  ? 

- Do  they  not  need  to  know  everything  that  we  need  to  know  for  SPP  purposes  ? 

So,  such  ambiguities  as  exist  in  the  application  of  this  method  will  correspond i ng ly 
be  present  in  the  others  and  when  long  time  data  are  available,  I am  sure  they  can  he 
used  to  evaluate  alternative  methods. 


I >4  / 


Mr.  M.H.HIRSCHHKHG 

I would  like*  to  remind  everybody  of  a .secondary  objective  of  this  AGARD  activity. 
Besides  evaluating  SHI*,  we  wanted  to  generate  a reference  body  of  well  documented 
high  temperature  low  cycle  fatigue  data  that  others  could  use  for  evaluating  different 
predictive  methods.  For  the  purpose  of  aiding  in  accomplishing  this,  we  designed  a 
data  sheet  that  all  the  participating  laboratories  used  in  older  to  document  the  data 
in  the  same  units  and  format. 

This  body  of  data  was  collected  from  each  of  the  laboratories  and  will  be  publi- 
shed in  the  AGARi)  Report  containing  all  the?  papers  presented  at  this  meeting.  For 
completeness,  we  are  attempting  to  document  for  each  of  the  materials  tested,  the 
chemical  composition,  mechanical  properties,  heat  treatment  as  well  as  the  creep- 
fatigue  including  the  test  parameters  such  as  the  frequencies,  temperatures,  hold 
times,  stresses,  strains,  and  lives. 

Dr.  H.l*.  VAN  I.EEUWEN  (NRL,  The  Netherlands) 

1 would  like  to  address  the  question  of  crack  propagation  versus  crack  initiation 
raised  a couple  of  times  during  this  meeting.  I think  Prof.  MANSON  gives  an  example 
of  the  importance  of  crack  propagation  in  the  case  of  a rather,  brittle  material  where 
even  a small  crack  causes  nearly  instantaneous  fracture. 

I would  like  to  take  an  exception  to  this  statement.  It  is  when  crack  propagation 
constitutes  a considerable  fraction  of  the  total  life  that  you  have  to  consider  crack 
propagati on . 

In  room  temperature  fatigue,  many  investigations  have  been  made  on  crack  propaga- 
tion and  many  conferences  have  been  held  on  this  topic.  Now,  we  are  able  to  deal 
with  crack  propagation  at  room  temperature  but  with  considerable  difficulty. 

Crack  propagation  at  high  temperatures  is  probably  even  more  difficult  to  account 
for-  but  1 think  there  is  a way  out  of  this  and  still  you  would  be  able  to  apply  some 
sort  of  SRP . Now,  a few  years  ago  we  have  had  a High  Temperature  Fatigue  and  Creep 
Conference  in  Philadelphia,  which  was  repeated  at  Sheffield,  and  several  papers  dealt 
with  crack  propagation  during  high  temperature  fatigue.  It  was  shown  that  you  could 

plot  crack  propagation  rate  not  as  a function  of  the  stress  intensity  factor  range 

but  as  a function  of  minus  the  square  of  the  threshold  value  of  the  same  stress 
intensity  factor.  This  could  be  interpreted  as  correlating  with  the  CTOD  (Crack  Tip 
Opening  Displacement).  A similar  approach  could  be  nwule  on  the  basis  of  the  strain  at 
the;  root  ol  a notch. 

Recently,  I had  an  opportunity  to  look  at  some  work  on  high  temperature  fracture 

and  then* CTOD  had  been  measured;  as  you  could  see,  CTOD  had  an  elastic  as  well  as  a 

time-dependent  fraction.  1 think  this  opens  a whole  new  field  of  study  because  now  , 
as  soon  as  you  have  a crack,  you  can  start  to  look  fit  CTOD,  take  out  the  various  por- 
tions (the  elastic,  plastic  and  creep-dependent  fractions)  and  then  try  to  apply  SRI* 
not  to  the  overal 1 strain  of  the  specimen  but  to  the  strain  at  the  root  of  the  notch 
or  crack. 

Dr.  G.R. HALFORD  (NASA  Lewis  Research  Center,  U.S.A.) 

AM  the  experiments  reported  during  this  conference  have  been  performed  on  speci- 
mens that  can  best  be  called  crack  initiation  specimens  and  no  more  than  that.  They 
have  a small  diameter,  and  the  strains  across  either  a diameter,  a gage  length,  or  the 
specimen  ends  have  been  controlled.  Furthermore,  the  strain  is  distributed  uniformly 
through  the  specimen  test  zone,  the  stress  has  a certain  value,  and  that  is  what  is 
known  about  th*.*  specimen.  Once  a crack  of  a given  magnitude  begins  to  generate  its 
own  stress  field,  then  that  condition  can  be  treated  best  by  fracture  mechanics  type 
principles.  When  a crack  grows  that  large  in  our  small  specimens  they  become  useless 
since  we  can  not  control  what  we  would  like  to  control  in  a fracture  mechanics  type 
crack  propagation  test.  1 believe  the  information  obtained  from  specimens  of  the 
nature  we  are  working  with  here  can  only  be  considered  as  crack  initiation  data. 

Di  . H.l*.  VAN  LEKUWFN 


In  room  temperature  fatigue,  we  have  a long  time  ago  dropped  the  notion  that  we 
should  test  smooth  specimens  because  the  things  we  deal  with  in  practice  are  not  smooth. 
So,  I would  like  to  suggest  that  we  drop  the  idea  of  testing  smooth  specimens  and  to 
start  testing  fracture  mechariics-sor t of  specimens.  We  should  start  with  a notched  spe- 
cimen and  apply  a Neuber-type  of  analysis  to  the  strain  at  the  root  of  the  notch  and 
then  have  the  initiation  period  treated  with  SRI*. 

Mr.  M.H.HIRSCHBFRG 

Included  in  the  test  data  collected  from  the  laboratories,  we  have  on  record  the 
total  number  of  cycles  to  failure,  and  in  some  cases,  the  cycles  to  a 5 percent  drop 
off  in  load,  as  well  as  the  first  observation  of  any  indication  of  crack  initiation. 


IM  h 


All  of  the*  (lata  collected  mo  far  indicate  a negligible*  difference  between  cycle*  to 
total  1/ulure  on  these  smooth  specimens  and  the  initiation  its  far  its  it  can  be  identi- 
fied. Thus,  there  seems  to  be  it  negligible  crack  growth  period  in  these  kinds  of  tests. 
However,  if  we  are  dealing  with  notched  specimens,  we  should  obviously  have  to  separate 
initiation  and  propagation  periods  since  the  propagation  period  occurs  under  lower 
stresses  and  therefore  takes  it  longer  time.  Hut,  to  charateri  /g  it  material  by  the  SHI' 
method  in  order  to  determine  what  the  initiation  period  is,  we  believe  very  strongly 
tnat  this  is  best  done  with  smooth  specimens. 

Dr.G.R.  HAITOKD 


Whitt  we  are  considering  to  be  the  definition  of  crack  initiation  life  does  not  make 
a great  deal  of  difference  for  the  specimens  we  are  testing.  We  can  choose  almost  any 
convenient  event  as  the  crack  initiation  life.  Possibilities  are:  it)  the  first  sighting 
of  a crack  using  a microscope;  b)  the  first  noticeable  drop  in  load  range  for  strain- 
controlled  tests;  c)  the  life  at  which  the  load  drops  by  a fixed  percentage  from  the 
steady-state  load  range;  d)  the  life  at  which  the  ratio  of  the  tensile  load  to  the 
compressive  load  drops  by  a fixed  percentage  from  the  steady-state  ratio;  e)  the  life 
for  complete  separation  of  the  small  laboratory  specimens  we  test;  f)  or  some  other 
event  as  thought  to  be  of  significance  for  the  application  at  hand. 

I contend  that,  regardless  of  our  choice,  we  will  obtain  approxi ma te 1 y the  same 
results  on  a trial ivc  basis.  That  is,  if  CP  type  straining  is  bad  by  any  of  these 
definitions,  it  will  be  bad  by  any  of  the  other  definitions  as  well. 

What  is  chosen  as  the  criteria  is  not  so  absolutely  important  as  to  choose  a cri- 
teria that  can  be  used  consistently  in  characterizing  the  behavior  of'  the  material. 

II  we  are  going  to  adopt  the  concept  of  a crack  initiation  stage,  which  we  handle 

with  specimens  of  this  size,  and  a crack  propagation  stage,  which  we  handle  with  a 
specimen  designed  for  crack  propagation  studies,  then  we  will  have  to  select  some  crack 
length  to  use  as  die  value. The  choice  is  somewhat  arbitrary,  but  should  be  conve- 

nient for  the  user.  II  we  can  only  detect  a 0.1"  crack  for  the  purpose  of  a crack 
propagation  study,  there  is  no  sense  in  discussing  a 0.001"  crack.  1 suspect  the  impor- 
tant thing  is  to  keep  a consistent  definition. 

Mr.  W.W1FMA.VN  (KWU,  Germany): 

1 ain  a little  bit  in  contradiction  to  Dr. HALFORD.  I have  seen  from  the  tabulated 
data  the  difference  between  N»;  and  Nj  is  between  *5  and  ‘jO/'i  in  number  of  cycles.  That 
can  mean  that  there  are  certain  different  definitions  used  for  Nrj  as  the  number  of 
cycles  to  crack  initiation  and,  on  the  other  hand,  that  there  is  different  thermo- 
mechanical behaviour  which  is  responsible  for  the  crack  running  velocity  in  the  dif- 
ferent materials.  Therefore,  in  my  opinion,  the  best  would  be,  that  all  people  have 
the  same  definition  for  crack  initiation  to  the  specimens.  You  are  taking  here  smooth, 
solid  or  tubular,  specimens  and  even  those  both  types  of  specimens  may  have  a certain 
difference  in  a crack  running  velocity  from  initiation  to  failure. 

Pro  I . .S  . Y . ZAMJM  K (Penn  State  University,  IJ.S.A.) 

Th«.*  question  of  crack  initiation  and  propagation  is  a confusing  issue. 

Crack  initiation  is  not  well  defined,  it  could  be  three  or  four  grains  deep,  1/8"  long, 
or  three  inches  I ong . The  definition  is  dependent  upon  tin*  user. 

Therefore,  we  should  avoid  debating  the  issue  ol  crack  initiation  and  propagation. 

We  should  concentrate  on  developing  methods  that  would  work  in  design  analysis  to  prevent 
failure.  For  example,  in  biaxial  fatigue  it  is  difficult  to  determine  initiation  from 
propagation;  1 have  seen  series  of  cracks  developing  in  plate  under  biaxial  stress 
loading,  and  neither  of  these  visible  cracks  led  to  failure. 

CAPTAIN  JACK  HYZAK  ( AFML/LLN , U.S.A.) 

The  question  still  remains  as  to  how  does  SRI*  compare  to  other  methods  for  predic- 
ting high  temperature  LCF . At  AFML  we  are  not  directly  concerned  with  design;  thus,  we 
were  not  utilizing  any  other  modeling  approaches  before  entering  into  this  committee 
activity.  1 am  still  wondering  how  some  of  the  participants,  especially  those  directly 
involved  with  engine  design,  feel  about  SRP.  What  aspects  of  SRP  are  particularly 
effective  and  what  models  are  they  now  using  which  they  feel  are  more  useful  7 1 am 
particularly  interested  in  the  problem  ol  predicting  crack  initiation  in  nickel  base 
super a I I oy s . 

Dr.  G..J.  LLOYD 

A suggestion  enabling  to  assess  I lie  relative  role  of  initiation  compared  with  propa- 
gation. If  you  prepare  a normally  smooth  specimen  and  a spiare  specimen  of  the  same  cross 
section  area,  then  propagate  a crack  f rom  that  square  specimen  and  measure  the  rate  of 
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growth.  J n titration  ol  it  gives  you  t .ho  ho-cmI  led  propagation  I j t e . Th  i s a I I own  you  to 
as.soss  the  number  of  eye  l«s  for  initiation  at  the*  given  total  s tra  i in  nnge  tliai  you  apply. 
Repeat  the  exercice  for  a number  of  s tra  i nrangeH . You  could  f i no  I ly  rloi  i ve  a smooth 

xpecimen  endurance  curve?  and  the  crack  propagation  curve. 

Pi  . II.  I».  VAN  I FKIJWFN 


Under  conditions  were*  plasticity  is  very  important,  neither  of  stresses  01  strains 
is  really  descriptive  of  the  problem.  What  we  are  really  interested  in,  is  the  enei gy 
dissipation  which  is  not  obtained  by  measuring  at  notches  or  cracks  but  by  measuring  the 
displacement  at  the  point  of  load  application. 

This  is  the  ultimate  goal,  that  we  look  at  the  energy  dissipation  and  one  possible* 
approach  would  be  not  to  I ook  at  the  width  of  the  hysteresis  loop  but  to  look  at  its 
a tea  . 


Mr.  If  ,M. WALLACE  (i»WA,  GPI),  U.S.A.) 

With  regards  to  the  comments  about  crack  initiation  and  propagation  phases, let  us 
considci  the  example  of  JN-100  alloy. 

If  wf*  start  with  an  inherently  clean  material,  without  service-induced  cracks,  tin- 
total  fatigue  process  might  incipient  I y look  something  like  nuc I ration  of  dislocations 
at  discontinuities  such  as  MC  carbides  thus  resulting  in  microcracks.  The  whole*  process 
is  a statistical  one  that  we  call  crack  initiation.  On  our  s t ra j n-con tro 1 1 ed  specimens, 
however,  we  have  found  that  these  microcracks  link  up  forming  macrocraks,  the  growth  of 
which  is  predictable  using  linear  elastic  fracture  mechanic  techniques.  Wt?  have  shown 
this  in  a recent  AFML  program,  on  IN-100,  at  temperature  up  to  1350°F. 

In  addition,  using  a newly  developed  mu  I t i par ante t e r distribution  analysis  acoustic 
emission  technique,  we  have  found  for  the  IN-lOO  alloy  at  temperatures  in  the  10()0  - 
120()°F  range,  particulary  at  the  low  strain  amplitude  level,  that  the  point  at  which 
macrocracking  occurs  can  be  as  low  as  h 0 to  55  % of  the  total  life.  For  IN-100,  under 
these  strain  and  temperature  testing  conditions,  stress  ratio  and  dwell  effects  are 
very  important  on  crack  propagation  and  therefore  the  dwel I effects  we  are  experi em i ng 
may  be  on  crack  propagation,  not  crack  initiation. 

i do  not  know  if  this  result  is  general  ly  extendable  to  an  al  loy  like  Item'*  95.  As  a 
matter  of  fact,  we  intend  ot  pursue  our  strain-control  testing  and  analysis  of  other' 
disk  alloys,  including  IN-lOO,  Waspaloy,  Astroloy  and  advanced  AF  li  - 1 DA  alloy  which 
would  he  a strong  candidate  for  advanced  turbine  disk  alloys  in  many  of  our  engines. 

At  P.W.A.,  we  have  developed  a hCF  prediction  system  based  on  total  strai nratige  and 
mean  stress,  using  notch  specimen  data.  The  dwel I effect  can  be  beneficial  or-  degrading 
to  the  life.  l*or  example,  testing  Waspaloy  in  the  800°l*  range  generally  dwell  might 
perhaps  increase  life  whereas  a 1200 °F  <lwe.il  might,  perhaps  degrade  life.  So,  the  change 
of  life  due  to  the  dwell  is  assumed  to  come  from  changes  in  the  mean  stress  level  at 
equivalent  strain  ranges. 

Further-,  during  our  strain-control  testing,  we  use  the  acoustic  emission  teclin  i que . 
Integrating  what  we  see  from  the  acoustic  emission  results  with  mechanistic  studies,  w<* 
separate  crack  initiation  and  propagation  lifes  and  move  on  to  modelling  these  data. 

Now,  using  this  crack  initiation  life  criterion,  the  next  step  should  he  to  come  up  with 
an  accurate  constant  strain-amplitude  model , and  then  to  use  appropriate  statistic  for 
design  systems.  Certainly,  Sill*  is  one  of  the  methods  we  intend  to  use  in  this  process. 

We  will  keep  the  model  based  on  total  s trai nrange  and  mean  stress  we  think  it  is 
the  most  powerful  crack  initiation  tool  today.  However,  what  we  will  extract  from  SHI* 
are  better  ideas  on  how  to  handle  several  effects  such  as  dwell . 

One  of  the  big  problems  1 personally  see  for  high  strength  alloys,  like  JN-lOO  and 
lie  tie  95,  is  the  accurate  analytical  calculation  of  the  inelastic  strain. 

Dr.  C . J .FRANK I IN , (SUI.ZER  BROTHERS  LTD,  Gas  Turbine  Division,  Switzerland) 

I think  that  SRI*  is  the  most  promising  of  the  methods  that  1 have  studied  for  fatigue 
I i f «j  prediction.  It  would  appear,  however,  that  there  is  still  a long  way  to  go  before 
we  can  use  it  for  the  high  temperature  nickel  base  alloys. 

J would  like  to  address  a few  remarks  to  a number  of  points  that  have  been  raised  in 
the  discussion. 

First,  J think  that  wj tli  SRP,  or  any  other  LCF  prediction  mothod,  we  should  only 
attempt  to  predict  crack  initiation.  The  main  reason  for  only  predicting  iritiation  is 
that  once  we  have  a crack  in  a component,  that  lias  any  significant  length,  there  are 
often  cyclic  stresses  present  which  will  help  to  propagate  the  crack  although  they 
were  not  part  of  the  basic  cycle  that  had  initiated  it.  For  example  the  vibratory 
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stresses  in  tlio  case  of  turbine  l)lud««  which  are  normally  ama  1 1 in  comparison  to  the* 
attain  cyclea  that  initiate  thermal  fatigue  crocks. 

Secondly,  in  aupportef  a remark  from  Dr . HARFORD , 1 alao  think  that  wo  ahould  forget 
that  a material  contains  cracks  until  one  of  tin*  cracks  attaina  sufficient  length  for 
it  to  dominate  the  local  stress  field.  There  ia,  in  fact,  a stress  distribution  inside 
every  piece  of  material;  even  when  the  material  ia  loaded  uni  axial  1 y . This  stress 
distribution  ia  produced  because,  on  the  microscopic  scale,  the  material  ia  heterogeneous 
and  has  anisotropic  properties.  So,  until  a crack  has  a length  where  its  presence  domi- 
nates this  internal  stress  field  it  is  just  another  stress  raiser  and  we  should  forget 
that  we  can  see  a crack/cracks  with  the  electron  microscope. 

1 think  that  there  is  a problem  with  life  prediction  by  SRP , that  we  have  not  tou- 
ched upon.  This  problem  is  particularly  difficult  in  the  case  of  turbine  blades.  SRP 
automatically  assumes  that  we  have  a good  knowledge  of  the  stress-strain  hysteresis  loop 
for  some  complex  thermal  fatigue  cycle  which  has  to  be  analysed.  This,  however,  is  not 
the  case  and  it  is,  in  fact,  a very  difficult  problem  to  predict  the  hysteresis  loop. 

A vast  amount  of  material  data  is  needed  to  determine  and  define  such  material  proper- 
ties as:  creep  curves,  stress  relaxation,  cyclic  stress/strain  curves  etc.  The  general 
nature  of  this  problem  is  such  that  we  do  not  have  constitutive  relationships  to  des- 
cribe this  data  accurately  or  reliably. 

There  is,  of  course,  the  experimental  methods  of  determining  stress/strain  hystere- 
sis loops  in  which  we  first  predict  the  elastic  behaviour  of  the  component  and  then 
program  this  into  a fatigue  machine  in  order  to  obtain  the  real  loop  experimentally. 

For  cooled  turbine  blades,  however,  and  1 suspect  even  for  uncooled  ones,  this  method 
is  unlikely  to  give  a very  accurate  knowledge  of  the  s tress/s trai n hysteresis  loop.  The 
reason  for  this  is  that  creep  is  occuring  through-out  the  structure,  at  different  rates, 
as  a result  of  the  temperature  and  stress  distributions  obtaining.  Under  these  condi- 
tions the  total  strain  at  any  noin  t within  the  blades  is  a function  of  the  creep  strain 
which  is  accumulating  and  the  blade  is  bending  and  deforming  as  a whole. 

A knowledge  of  the  purely  elastic  behaviour  is  not  a good  starting  point  for  progra- 
mming a fatigue  machine  to  measure  the  hysteresis  loop  because,  in  the  turbine  blade, 
the  plastic  strain  affects  the  total  strain  history.  One  thing  that  SRP,  or  any  other 
fatigue  life  prediction  method  should  tell  us,  therefore,  is  how  to  predict  the  stress/ 
strain  hysteresis  loop. 

Prof.  S . S . MAN SON 


Several  parts  of  this  discussion  are  not  really  pertinent  to  the  objectives  of  the 
conference.  1 would  like  first  to  address  one  remark  to  Dr.  VAN  LEEUWEN  who  seems  to  be 
in  contradiction  to  something  that  I have  said  but  did  not  mean  in  the  way  he  apparen- 
tly interpreted  it:  there  is  not  difference  between  us  as  regards  the  importance  of 
crack  propagation  in  highly  brittle  materials.  I realize  that  highly  brittle  materials 
do  not  have  much  of  a crack  propagation  phase  ; my  point  was  that  normally  we  have  a 
crack  propagation  in  a ductile  material;  in  a brittle  material  the  crack  propagation 
phase  may  be  absent. So  when  we  apply  SRP  concepts  developed  on  ductile  materials  which 
have  a crack  propagation  phase  to  a brittle  material  that  does  not  include  such  crack 
propagation  we  must  be  especially  cautious. 

Mr  . WA1.I.ACE  ' s comment  that  the  way  in  which  PWA  treats  the  problem  is  by  total 
strainrange  and  mean  stress  effects  is  something  that  I know  they  have  been  doing.  Their 
approach  uses  a power- law  formula  involving  total  strainrange  and  mean  stress,  rather 
than  considering  that  the  exponent  in  the  power-law  for  elastic  strain  is  different  from 
the  exponent  in  the  power- law  for  plastic  strain.  The  effect  is  that  their  equation 
cannot  be  correct  at  both  high  and  low  strains;  it  is  valid  only  in  a limited  range 
where  the  strainrange/1 ife  data  have  been  linearized. 

Now,  regarding  Dr . FRANKRIN * s comment  that  the  application  of  SRP  requires  an  accura- 
te knowledge  of  the  constitutive  equations,  so  that  an  accurate  hysteresis  loop  can  be 
cons t rue  ted , and  his  requirement  that  SRP  provides  design  engineers  with  information  on 
how  to  predict  th«i  stress-strai n hysteresis  loop.  First  it  should  be  pointed  out  that 
SRP  is  a fatigue  fracture  theory,  not  a theory  for  predicting  constitutive  equations. 
Although  it  would  be  good  for  SRP  if  accurate  procedures  were  available  for  determining 
the  stress  and  strain,  even  separating  creep  and  plasticity  components,  such  a requi- 
rement is  not  a fair  one  to  impose  on  SRP  any  more  than  it  would  be  to  impose  it  on  any 
other  method  of  analysis.  All  methods  would  benefit  from  such  a capacity. 

However,  it  is  fortunate  that  such  accurate  prediction  is  not  really  necessary. 
Rather,  what  is  important  to  know  is  the  variation  of  total  strainrange  and  temperature 
with  time.  Usually  the  total  strainrange  can  be  estimated  fairly  accurately  using  the 
’’principle  of  elastic  strain  itivari  ance"wlil  ch  is  accurate  for  thermal  stress  problems, 
or  by  measurement,  or  by  other  procedures  the  designer  may  have  at  his  disposal.  F rom 
the  knowledge  of  strain  and  temperature  we  can  establish  the  hysteresis  loop  in  a semi  - 
experimental  manner  by  subjecting  a uniaxial  specimen  to  such  strain  and  temperature 
history  and  noting  the  stresses  developed  at  each  instant  of  time.  The  specimen  itself', 
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111  otii-1  words,  acts  as  th<-  host  i nterpre  tor  of  the  rheological  lehuviour,  and  provides 
us  With  as  accurate  a stress-strain  analysis  as  wo  can  got.  Then  using  procedures  wo 
have  already  described  in  the  literature  , wo  can  separate  the  struinrango  components, 
and  apply  Slip  principles  to  determine  life.  The  specimen  needsnot  ho  tested  to  failure, 
since  that  might  take  too  long,  and  invalidate  entirely  the  use  ol  SRP  as  u predictive 
approac h . 

My  point  is  mainly  that  SRJ*  does  not  require  any  more  than  any  other  method  a Know- 
1 edge  of  stresses  and  strain  that  are  hard  to  predict  hy  constitutive  analysis,  and  that 
such  requirement  as  exists,  can  be  satisfied  hy  a semi -experimental  approach. 


All 

APPENDIX  AT 

Appendix  A1  contains  a tabulation  of  the  hi gh- temperature,  low-cycle,  creep- fatigue  results 
generated  by  the  laboratories  participating  In  the  SRP  evaluation  program.  Also  contained  are 
the  chemical  compositions,  material  processing  and  heat  treatments,  and  the  conventional  mechan- 
ical properties  for  each  alloy  tested.  A coimnon  creep-fatigue  data  sheet  was  used  to  ensure 
that  pertinent  Information  was  reported  In  a consistent  manner.  A sample  data  sheet  Is  shown 
below  along  with  a graphical  Illustration  of  both  terms  and  test  types  as  well  as  definitions 
of  the  most  common  creep- fatigue  cycles  employed  In  the  program.  The  Information  contained 
In  this  appendix  was  submitted  to  the  NASA-Lewls  Research  Center  where  Mr.  J.F.  Saltsman  pain- 
stakingly transcribed  the  Information  to  a computerized  format  for  ease  of  storage,  analysis 
and  retrieval.  In  this  form.  It  represents  an  extremely  valuable  body  of  creep-fatigue  data 
on  engineering  alloys.  As  much  of  the  raw  data  as  possible  Is  Included  In  the  tabulations  so 
that  future  analyses  and  Interpretations  can  be  made  with  a minimum  of  effort. 

The  four  tables  Included  In  this  appendix  are  titled  as  follows: 

TABLE  I — Chemical  Composition  - WtX 
TABLE  II  — Processing  A Heat  Treatment 
TABLE  III  — Mechanical  Properties 

TABLE  IV  — Creep-Fatigue  Data 

The  results  shown  In  each  table  are  arranged  according  to  the  laboratories  and  the  order 
In  which  their  corresponding  papers  appear  In  the  body  of  this  volume.  Creep-fatigue  data 
from  PSU  and  ORNL  are  not  Included  In  TABLE  IV,  but  do  appear  In  the  respective  papers. 

GRAPHICAL  ILLUSTRATION 
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pensile  Cyclic  Stress  IVell  Similar  to  TCCR,  except  dwell  time  is  controlled  constant  Instead  of  stralnrange. 
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14.  Abstract 


This  Specialists’  Meeting  brought  together  the  principal  participants  in  a cooperative  testing 
programme  aimed  at  the  evaluation  of  the  strainrange  partitioning  approach  to  the  analysis 
and  prediction  of  low  cycle  high  temperature  fatigue  life.  A number  of  laboratories  in 
several  countries  participated  in  this  programme,  each  testing  its  own  materials  of  interest 
under  its  own  laboratory  conditions  to  ensure  that  the  results  obtained  would  provide 
validation  for  a wide  range  of  aerospace  materials  and  to  ensure  maximum  usefulness  to 
each  participating  laboratory. 
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